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1.0 INTRODUCTION AND SUMMARY 

Thermal design of spacecraft has been an art and a science based on com- 

puter analysis and space simulation tests. The analysis is reasonably straight- 

forward insofar as conduction and radiation are the dominant modes of heat 

transfer. Conduction is well understood and most thermal designers have avail- 

able to them both reams of data on physical properties and access to modest 

laboratory facilities for measuring analytically intractable coefficients for 

joint or contact conductances. Radiative heat transfer played a secondary 

role in thermal design until the mid-50's when space exploration became a 

reality. The notation and jargon of radiative transfer have always been 

arcane so that without a strong motivation based on design application, the 

study of radiation phenomena received scant attention among engineers. Even 

after a decade of intensive study, the analytical construction of radiation 

interchange factors remains as a tedious and irksome prelude to-nodal analysis. 

Many thermal designers have regarded radiative phenomena either with dis- 

taste or distrust or both. The distaste may be attributed to the difficulty 

of computing or measuring shape factors, finding surface properties,and in- 

verting matrices. The distrust arises from the uncertainties associated with 

analytical models for emission/reflection (diffuse, specular, directional?), 

the accuracy of surface property measurements, and the difficulty of visualizing 

radiative transfer. A s  a group, spacecraft thermal designers have felt that 

it would be desirable to have a capability for measuring radiation interchange 

factors. 

The measurement of radiation phenomena has been common practice for many 

years in the several technologies of applied optics: photography, illumina- 

tion, and infrared detection. A recent application of optics technology to 



spacecraft solar radiation measurements is reported in Reference 1 (see 
Appendix). 
solar irradiation in a shirt-sleeve environment using scale models of space- 

craft having real (prototype) surface finishes. Earlier studies by Bevans, 

el a1 (Reference 2) and Viskanta, et a1 (Reference.3) were concerned with the 
measurement of radiation phenomena, but their experiments were conducted in 

In that paper, Bobco describes a technique for measuring local 

cold-walled vacuum chambers. 

basis for evaluating several analytical surface finish models, but their tech- 

niques were not convenient for measuring the radiant interchange between two 

surfaces in a multisurface enclosure. 

These earlier experiments served to provide a 

The results reported here are an extension of the experimental procedure 

described in Reference 1. The discussion starts with the derivation of the 

analytical basis for measuring radiation interchange factors. It is shown 
that the script-F factor depends upon the ratio of energy absorbed at one 

surface to the energy emitted from another surface. 

oi J 

- (i) is the hemispherical flux incident at a surface % and which ori- where G 

ginates at A * is the hemispherical flux originating at A (before inter- 

reflection); and ek, E are apparent hemispherical emittances. The results 
of a technology survey are presented in which procedures were sought for 

exciting and measuring radiant fluxes at surfaces. It is concluded that the 
only practicable procedure is one in which a surface, Ai, is excited remotely 
and the irradiation at another surface, %, is measured remotely. 

h) 

k 
i’ Joi- - i 

i 

The remaining discussion emphasizes the implementation of remote excita- 

tion/remote detection for measuring long wave (thermal) interchange factors 

because the feasibility of solar measurements is established in Reference 1. 

A procedure is described whereby local surface emission may be simulated by 
irradiating a small diffusely reflecting target with a beam (pencil) of long 

wave energy. 
excitation is adequate for many geometrical arrangements; the validity of 

superposition is proved for cases where multiple point excitation is required. 

More analysis is presented to show that single point or local 

*I 1-2 



Off- the-she l f ,  commercially a v a i l a b l e  equipment i s  descr ibed f o r  implementing 

remote exc i ta t ion / remote  de t ec t ion  measurements of both thermal and s o l a r  

r a d i a t i o n  interchange f a c t o r s .  The remote exc i ta t ion / remote  d e t e c t i o n  con- 

cept  is  shown schemat ica l ly  i n  Figure 1. 

Analysis i s  developed t o  examine the p o s s i b i l i t y  of a s p e c t r a l  mismatch 

a r i s i n g  from the  use of a beam of 1100°C blackbody energy t o  s imula te  sur -  

face  e x c i t a t i o n  a t  100°F. 
match may occur when two condi t ions  e x i s t  simultaneously: 1 )  t he  d i r e c t  

The a n a l y s i s  shows t h a t  a p o t e n t i a l  s p e c t r a l  m i s -  

view shape f a c t o r  (e .g .  F ) i s  less  than o r  comparable t o  the  " r e f l ec t ed  k i  
view f a c t o r "  (e.g.  F F ) ,  2) the r e f l e c t i n g  sur face  (e.g. A . )  has  a r a t i o  

of s o l a r  t o  thermal r e f l e c t a n c e s ,  
J N N  

k j  j i  
" / p j y  which i s  appreciably d i f f e r e n t  than 

' j  
un i ty  ( e . g . ,  g r e a t e r  than two o r  less than one-ha l f ) .  

mismatch can be i d e n t i f i e d  and circumvented by using in f r a red  l a s e r s  i n  addi-  

t i o n  t o  a blackbody source t o  e x c i t e  a t a r g e t  a r ea .  

A p o t e n t i a l  s p e c t r a l  

The rudiments of a f a c i l i t y  a r e  descr ibed f o r  making r e l i a b l e  measure- 

ments of r a d i a t i o n  interchange f a c t o r s  using s c a l e  models of spacec ra f t .  A 

model hold ing  f i x t u r e  with t h r e e  degrees of r o t a t i o n a l  freedom (e .g . ,  r o l l ,  

p i t c h ,  yaw) and a co-ordinate  system scr ibed  on a l abora to ry  f l o o r  provide 

a l l  of t h e  dimensional da t a  needed t o  obtain r epea tab le  measurements. 

a two-phase development program i s  recommended t o  explore  the  accuracy and 

u t i l i t y  of the  remote exc i ta t ion / remote  de t ec t ion  concept and t o  e s t a b l i s h  

g u i d e l i n e s  f o r  a f u l l y  automated labora tory  s u i t a b l e  f o r  making "production 

l ine ' '  measurements of r a d i a t i v e  interchange f a c t o r s .  

F i n a l l y ,  

It i s  recommended t h a t  t he  next phase be concerned with equipment procure- 

ment, exp lo ra to ry  measurements, and prototype demonstration. Experiments 

should be conducted with geometr ica l ly  simple models with i d e a l i z e d  su r face  

f i n i s h e s  which a r e  a n a l y t i c a l l y  t r a c t a b l e  s o  t h a t  empir ica l  r e s u l t s  can be 

compared with p red ic t ed  va lues  without recourse t o  soph i s t i ca t ed  ana lys i s .  

Such a s tudy  would serve  t o  develop labora tory  techniques and procedures and 

de'fine t h e  l i m i t s  of accuracy and app l i ca t ion .  

would apply  the  developed procedures t o  spacecraf t  models having more r e a l i s t i c  

geometr ies  and su r face  f i n i s h e s .  This  phase should be completed with d e t a i l e d  

e r r o r  a n a l y s i s  and documentation s u f f i c i e n t  t o  e s t a b l i s h  the  r o l e  of r a d i a t i o n  

in te rchange  measurements a s  a usefu l  thermal design too l .  

A second experimental  phase 

.I 
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a) HYPOTHETICAL SPACECRAFT 

b) CLOSE-UP OF ANTENNA STRUCTURE SHOWING SEVERAL MODEL 
AREAS A N D  TARGETS FOR MEASURlNGS4,10 USING REMOTE 

EXCITATION /REMOTE DECTION. 

REMOTE RADIATION 
SOURCE 

REMOTE VIEWING 
RADIATION DETECTOR 

0 
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\ IRRADIATION TARGET 
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Figure 1. Remote Excitation/Remote Detection Concept 
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2.0 ANALYTICAL BASIS FOR RADIATION INTERCHANGE MEASUREMENTS 

A procedure for obtaining radiative interchange factors from experimental 

measurements is described below. The analytical basis for the measurements is 

developed first for  a conceptually simple enclosure in which all surfaces emit 

and reflect diffusely. The analysis is extended to enclosures which emit dif- 

fusely and reflect in a diffuse-plus-specular manner and finally to a system 

of surfaces which emit directionally and reflect bidirectionally. The analy- 

sis assumes gray surface properties, uniform irradiation, and uniform emission. 

2.1 DIFFUSE ENCLOSURES 

Consider an enclosure containing N surfaces which emit and reflect 

diffusely. 

radiosity and consists of emitted plus reflected energy. 

expressed as 

The gross'radiant flux leaving any surface is commonly called the 

The radiosity is 

J = J  k ok -k pk Gk , powerlunit area 

Inasmuch as "k" represents any surface in the enclosure, Equation 2 represents 

a linear set of algebraic equations which may be written as 

2- 1 
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in which the response vector J 

Jok and the inverted transfer matrix whose elements are p k j .  

can be found in terms of the excitation vector 
j 

The solution of 
,Equation 3 may be expressed as 

where B is the (kj)th element of t..e ,.?verted transfer matrix. 
kj 

Radiosity is not a convenient parameter for thermal designers who use 

It is possible to use the definition of net heat nodal computer programs. 

flux 

, power/unit area (5) - Gk = Jk qk,net 

t o  define a radiative interchange factor, - f kj, so that 

( 6 )  4 power/unit area 
N 
7 3 (T: - T j  ) = c J  - 
j=l kj qk,net 

The interchange factor may be computed as 

, dimensionless (7)  

The diffuse (hemispherical) emittances cky e 

are surface properties which are assumed known. 

and the diffuse reflectance ok 
j 

Although radiosity is not convenient as a thermai design Farmeter, it is 

a measurable quantity. By combining Equations 4 and 7 to eliminate p k J ,  find 

a relationship between measurable quantities, Jk and J 

parameter, Jkj. 
may be found by setting 

and a thermal design oj ’ 
The interchange factor t o  some surface of interest, say Ai, 

( 
J = o {j = I, 2 ..., N 
oj 

l j  f i 
\ 

. 

2- 2 
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t h e n  from Equation 8 

I Inasmuch as J = 0,  it follows from Equation 1 that ok 

(11 1 Jk - - & k i  Joi + Pk Gk (i 1 

The s u p e r s c r i p t  on t h e  i r r a d i a t i o n  i s  used t o  denote t h a t  a l l  of t h e  energy 

i n c i d e n t  a t  4, o r i g i n a t e s  a t  A . The interchange f a c t o r  r e q u i r e s  measuring 

the  e x c i t a t i o n ,  J and t h e  i r r a d i a t i o n  G ~ 

i 
( i )  . 

k oi 
I 

d m  2.2 DIFFUSE-PLUS-SPECULAR ENCLOSUREy pk  = pk + p k  

As a b e t t e r  approximation t o  r e a l  sur face  p r o p e r t i e s ,  i t  i s  sometimes 

assumed t h a t  su r f aces  e m i t  d i f f u s e l y  and r e f l e c t  i n  a diffuse-plus-specular  

manner. 

d i f f u s e  r a d i a n t  f l u x  leaving  a sur face :  

The concept of r a d i o s i t y  may be r e t a i n e d  by l i m i t i n g  it t o  the  g ross  

The i r r a d i a t i o n  must take  i n t o  account both d i f f u s e l y  and specu la r ly  d i r e c t e d  

i t  i s  necessary t o  use Fkj ' 1 energy toward 4(. Ins t ead  of t h e  shape f a c t o r ,  

t h e  exchange f a c t o r ,  ( p k j  t o  account f o r  specular  incidence: 

d .N. 

J j  Qkj  
k = 1, 2 ,  ..., N - 

Jk - Jok + pk 
j G  1 

, 

2-3 
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This equation r ep resen t s  a l i n e a r  s e t  which may be solved f o r  t h e  r a d i o s i t y  t o  

obta in  an expression equiva len t  t o  Equation 4. 
t r a n s f e r  mat r ix  cdn ta ins  9 

The only d i f f e rence  i s  t h a t  t h e  

k j '  
i n  place' of F 

k j  
The interchange f a c t o r  of i n t e r e s t  t o  des igners  may be expressed a s  

The technique of s i n g l e  su r face  e x c i t a t i o n  may be used t o  measure t h e  i n t e r -  

change f a c t o r  t o  o b t a i n  a r e s u l t  comparable t o  Equation 12.  

' .  , 

2.3 REAL ENCLOSURES 

The a n a l y s i s  f o r  r e a l  sur faces  becomes much more complex because i t  is  

necessary t o  account f o r  the  emergent d i r e c t i o n  of emission, the  inc iden t  

d i r e c t i o n  of absorp t ion ,  and both inc iden t  and emergent d i r e c t i o n s  of r e f l e c -  

t i on .  Bevans and Edwards developed the  a n a l y t i c a l  approach f o r  r e a l  sur faces  

i n  terms of r a d i a t i v e  i n t e n s i t y ,  d i r e c t i o n a l  emittance and absorptance,  and 

b i d i r e c t i o n a l  r e f l e c t a n c e .  

and d i r e c t e d  toward a su r face  A 

The gross  r a d i a t i v e  f l u x  leaving  a su r face  Ak 
c o n s i s t s  of emit ted and r e f l e c t e d  components 

W 

A psuedo-radiosi ty ,  gkw, may be introduced t o  provide an analog t o  Equat ion 2: 
/ 

k = 1 ,  2 ,  ..., N 
(17) 

w = 1, 2 ,  ..., N 

N 

9 0 kw = $  :okw + Y  j--l r jkw j j k  Fkj 

\ 

, e t c .  The hemispherical  f l u x  leaving  Ak may be thought of as where 9 k w  - - R1kw 

r a d i o s i  t y  

1- 

c 
d 

2-4 
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where t h e  t i l d e  i s  used t o  denote t h a t  t he  parameters are  not d i f f u s e .  

i s  
That - 

N E ., 
(19a) - \  

Jok - - Gokw Fkw w = l  

N .- N 
\ F - 

'jk k j  - I  
Gk jZ1 

i s  introduced i n  Equat ion 19d. pkw ' The hemispher ica l -d i rec t iona l  r e f l e c t a n c e ,  

2 Equation 17 r ep resen t s  a s e t  of N l i n e a r  equat ions  which may be solved 

by i n v e r t i n g  a t r a n s f e r  ma t r ix  whose elements a r e  

i j 
6k - kwj Fwk 6w 

The Kronecker d e l t a  i s  w r i t t e n  with supe r sc r ip t s  and subsc r ip t s .  The p a i r  of 

i n d i c e s  ( i j )  r e f e r  t o  a row, while (kw) i d e n t i f y  a column i n  the  t r a n s f e r  

mat r ix .  The s o l u t i o n  may be expressed as 

where B i s  an element i n  the  inver ted  t r a n s f e r  mat r ix  occupying the  (kw)th kw 
P '  

row and ( p l ) t h  column. 

. The n e t  hea t  f l u x  may be expressed a s  t he  d i f f e r e n c e  between the emergent 

f l u x  (apparent  r a d i o s i t y )  and the  inc ident  f lux  

N N 

= Jk - Gk (Ik,net 

2-5 
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N 

o r  the  d i f f e rence  between hemispher ica l ly  emitted f , lux (J ) and absorbed f l u x  ok 

where N 
= P  1.’ F N -  

@k Gk j;i akj  !jk k j  

The gray body assumption y i e l d s  

- 
@kj - ‘kj (24) 

Using thermodynamic arguments, t h e  interchange f a c t o r  may be found from e i t h e r  

Equation 21 o r  22. Equation 21 y i e l d s  

while Equat ion  22 g ives  

N 
\- 3 =  k j  wzl ‘kw Fkw Iwk 

j 

N where 

, occurs  a s  a r e s u l t  of temperature ,  i t  i s  t h e  pro- L p I  When t h e  e x c i t a t i o n ,  

duct  of d i r e c t i o n a l  emit tance and the  black body emissive power. 

Equation 27 may be introduced i n E q u a t i o n  20 t o  ob ta in  

where use was made of Equation 26. 
I 

p ~ 

2-6 
x 



j When only a s i n g l e  su r face ,  j = i ,  i s  exc i t ed ,  Equation 28 y i e l d s  

‘wk - -  
Ei Twk - 

i 

which may be introduced i n  Equation 25b t o  give the  r e s u l t  
I 

(29) 

Making use of Equations 23 and 24 and the r e s u l t  i m p l i c i t  i n  19a and 27 t h a t  

it fol lows t h a t  

N 

J = -  E o i  ‘i i 

oi 

If Equations 25a and 19 a r e  used t o  r e l a t e  f luxes  and interchange f a c t o r s ,  

t hen  t h e  t e r m  y2 6 ./Pk i s  added t o  t h e  r i g h t  s i d e  of  32 t o  ob ta in  an expres- 

s i o n  corresponding t o  Equations 1 2  and 12a. 

interchange f a c t o r  has  been observed before  (Reference 6 ) ,  and f u r t h e r  

d i scuss ion  follows below wi th  an important app l i ca t ion  shown i n  subsect ion 4.2. 

k ki 
The dual  na tu re  of  t h e  self- 

2.4 SELF-EXCHANGE FACTORS 

The se l f - in te rchange  f a c t o r  i s  o r d i n a r i l y  of  no importance i n  thermal 

a n a l y s i s  because q 

t a t i o n  of solar interchange;  it a l s o  has an important r o l e  i n  t h e  empir ica l  

i s  necessa r i ly  zero.  However, 9tk is  v i t a l  t o  t h e  compu- kk 

determina t ion  of r a d i a n t  interchange f a c t o r s .  1 

Two d i f f e r e n t  se l f - in te rchange  f a c t o r s  can be der ived  from t h e  same 

express ion  for n e t  hea t  f l u x .  The ana lys i s  preceding Equation 32 above gives  

i n s i g h t  t o  t h e  d i f f e rence .  

d e t a i l .  A comparison of t h e  f a c t o r s  i s  given below: 

This  summary i d e n t i f i e s  t h e  d i f f e rences  i n  more 

2-7 
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Radiosity Amroach 
N N 

= Jk - Gk ‘k ,net 

N 

- - c  ‘k (uT4 k - rk) 

N 

3-1 

( j =1,2 , 9. , N 

Irradiation Approach 
N N 

= Jk - Gk 
‘k ,net 

= c k  (uTk 4 - Ek) 
. 

N 
N 2 ’kj = ‘k 

j=1 

The two different self-interchange factors are related as 

2 
- - 

gkk ’kk 
(irradiation) (radiosity) 

The radiosity self-interchange factor has been suggested for use in solar 

interreflection analysis (Reference 6 )  because the excitation term is 

hr 

Jok = ‘k ‘s,k 

(33)  

and the radiosity ’kkk accounts for both the direct solar irradiation and the 
hemispherically reflected solar flux. 

accounts for the hemispherically reflected flux only. 

The irradiation self-interchange factor 



It should be observed that the radiosity self-interchange factor is 
always greater than unity, while the irradiation self-interchange factor is 

always less than unity. 

purely algebraic considerations; with the physical interpretation presented 
above, it is obvious that both factors are correct and the laws of thermo- 

dynamics remain inviolate. 

This disparity has been difficult to explain from 

2.5 CONCLUDING REMARKS 

This analysis has shown how a radiation interchange factor may be formu- 
lated in Terms of two measurable quantities. In principle, it is possible to 

measure both the emergent flux at the single excited surface, Joi, and the 

. However, in practice, it is more con- absorbed flux at any surface, c 

venient to measure an incident flux, E(i), than the absorbed flux. In defer- k 
ence to practicability, the experimental technique will be identified as "the 

GL*)/Joi algorithm.'' The remainder of this report deals with problems that 

arise in implementing the algorithm. 

hr 

-(i) 
k G k  

'-1 C y ,  

Finally, it is important to note that, in a real surface enclosure, the 
N 

product ?' G represents a mean value with respect to direction. The apparent 

is defined as a mean value which has been hemispherical absorptance, 6 k, 

"weighted" for radiant flux incident from all directions. 

absorptance which is commonly used in thermal analysis is based on uniform 

irradiation (i.e., equal weighting) from all directions. 

imagine a surface, %, with strong directional absorptance irradiated in a 
small angular field so that "apparent" and 'tcommonll hemispherical absorptances 

could be different. 

among the several interpretations of hemispherical properties; it will be 
assumed that the differences are of second-order importance. 

N 

k k  

The hemispherical 

It is possible to 

The remaining discussion will not make any distinction 

2- 9 
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3.0 TECHNOLOGY SURVEY 

A simple a lgor i thm was developed i n  t h e  preceding s e c t i o n  t h a t  provides  

t h e  basis f o r  measuring r a d i a t i o n  interchange f a c t o r s .  The r e s u l t  may be 

i n t e r p r e t e d  i n  terms of e i t h e r  gray ( t o t a l )  or monochromatic interchange.  

order  t o  apply the -(i)/?oi Gk algori thm t o  t h e  thermal  design of spacec ra f t ,  a 

technology survey w a s  made of s eve ra l  s c i e n t i f i c  and engineer ing d i s c i p l i n e s  

t o  i d e n t i f y  procedures f o r  e x c i t i n g  r ad ia t ion  and measuring r ad ian t  f l u  at 

su r faces .  Any given scheme was judged f e a s i b l e  i f  it were capable of being 

c a r r i e d  out  and p r a c t i c a b l e  i f  t h e  implementation and execut ion could be done 

e a s i l y  and conveniently f o r  an exper imenta l i s t .  

I n  
~ 

~ 

I 

I n  a s ses s ing  the u t i l i t y  of any given scheme, it was assumed t h a t  model 

spacec ra f t  would be used t h a t  were both geometr ical ly  and r a d i a t i v e l y  s i m i l a r  

t o  some func t iona l  spacecraf t  of  i n t e r e s t .  It w a s  assumed t h a t  t h e  models 

would range i n  s c a l e  from 0 . 1 t o  1 .0  of f u l l  s i z e ,  t h e  models might have a 

maximum dimension i n  t h e  range 1 .0  t o  10  f e e t ,  and they  might weigh between 

1.0 and 500 pounds. I d e a l l y ,  measurements should be made i n  a sh i r t - s l eeve  

environment and t h e  d a t a  should be i n  terms of t o t a l  r a t h e r  than s p e c t r a l  

(monochromatic) f l u x e s .  

need f o r  both thermal  and solar r a d i a n t  interchange f a c t o r s .  

p o s t u l a t e d  t h a t  extreme p rec i s ion  was not requi red  f o r  most thermal design 

a p p l i c a t i o n s ;  t h e  accuracy of a measured value of - (  G ) /z k o i  
t o  t h e  accuracy of measuring r e f l ec t ance  i n  an i n t e g r a t i n g  sphere o r  heated 

hohlraum (Reference l), or of measuring a shape f a c t o r  w i t h  a globoscope. 

Recognition was given a l s o  t o  t h e  thermal designers  

F i n a l l y ,  it w a s  
I 

should be comparable 
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3.1 SURVEY OR EXPERIMENTAL TECHNIQUES 

Two approaches were c 0 n s i d e r e d . h  t h e  survey of experimental  techniques 

f o r  t h e  empir ica l  determinat ion of r a d i a t i o n  interchange f a c t o r s :  

1) Analog methods 

2)  Electromagnetic r a d i a t i o n  methods 

The survey of analog methods was based on t h e  a p p l i c a t i o n  of Fredholm's 

i n t e g r a l  equat ion o f  t h e  second k ind  t o  phys i ca l  d i s c i p l i n e s  not  d i r e c t l y  

r e l a t e d  t o  r a d i a t i v e  t r a n s f e r .  

nonthermal r a d i a t i v e  t r a n s f e r  encompasses t h e  f u l l  spectrum from p a r t i c u l a t e  

r a d i a t i o n  t o  radio-wave propagation. 

Analog Methods 

The survey of experimental  techniques used i n  

A b r i e f  literature search  w a s  made of va r ious  f i e l d s  of mathematical 

phys ics  i n  an attempt t o  l e a r n  of a p p l i c a t i o n s  of l i n e a r  i n t e g r a l  equations t o  

problems not r e l a t e d  t o  r a d i a t i v e  t r a n s f e r .  There a r e  a number O f  problems i n  

which t h e  propagat ion of a f i e l d  depends on t h e  va lues  of t h e  f i e l d  at some 

d i s t a n c e  from a l o c a t i o n  of i n t e r e s t ,  no t  j u s t  on va lues  a t  neighboring p o i n t s .  

Governing p r i n c i p l e s  f o r  such f ie lds  may be formulated i n  terms of i n t e g r a l  

equat ions  or i n t e g r o d i f f e r e n t i a l  equat ions  which may be reduced t o  i n t e g r a l  

equat ions .  

t heo ry ,  a c o u s t i c s ,  and quantum mechanics. 

d i f f e r e n t i a l  equat ions  m a y  be expressed as i n t e g r a l  equat ions  by t h e  introduc- 

t i o n  of Green's func t ions  (e.g.  , t h e  Sturm-Liouville problem). 

S e v e r a l  examples are given i n  Reference 4 from molecular t r a n s p o r t  

I n  add i t ion  t o  t h e s e  cases ,  many 

I n  many i n s t a n c e s ,  t h e s e  equations of mathematical phys ics  may be reduced 

to t h e  form of a Fredholm i n t e g r a l  equation of t h e  second k ind .  

most of t h e  p h y s i c a l  systems descr ibed  by i n t e g r a l  equat ions  can be e i t h e r  

s imula ted  or dup l i ca t ed  i n  a l abora to ry .  

i c a l  ana log  could  be found t o  t h e  r a d i a n t  i n t e n s i t y  equat ion ,  

Furthermore, 

Unfortunately,  no complete mathemat- 
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I n  t h e  absence of a mathematical analog, t h e  survey of experimental  

methods used i n  nonradia t ive  problems of "act ion a t  a d is tance"  w a s  discon- 

t inued .  

could be i d e n t i f i e d  i n  t h i s  s tudy.  

It should not be construed t h a t  no analog e x i s t s ,  only t h a t  none 

Electromagnetic Radiation Considerations 

The survey of experimental  methods used i n  e lectromagnet ic  propagation 

probed a v a r i e t y  of r e l a t e d  d i s c i p l i n e s  i n  physics and engineer ing:  

traasport, 2) i l l umina t ion ,  3) photography, 4 )  i n f r a r e d  technology, 5 )  rad ia-  

t ive heat t r a n s f e r ,  6 )  radio-wave propagation. 

1) nuclear  

The ~ ~ i ) / ~ o i  algori thm w a s  used i n  an attempt t o  i d e n t i f y  d i f f e r e n t  

techniques and equipment f o r  e x c i t i n g  surfaces  and measuring r a d i a n t  energy 

absorbed or inc iden t  a t  su r face  while maintaining geometr ical  and emissive/ 

reflective similarity of prototype and model enc losures .  

The app l i ca t ion  of nuc lear  r ad ia t ion  ( inc lud ing  X-rays) t o  t h e  measure- 

ment of r a d i a n t  interchange f a c t o r s  was judged not  f e a s i b l e  f o r  s eve ra l  

3) 
I 

Nuclear p a r t i c l e s  would not  i n t e r a c t  with su r faces  i n  a simple 

r e f l e c t i o n  o r  absorpt ion mode. 

for p a r t i c l e  t ransmission and secondary emission at a l l  sur faces .  

The s p e c t r a l  d i s t r i b u t i o n  of a beam of nuc lear  p a r t i c l e s  would 

occupy a narrow wave band which would not be a reasonable  approxima- 

t i o n  of e i t h e r  t h e  s o l a r  spectrum o r  a black-body spectrum of a 

su r face  i n  t h e  temperature range -100 t o  +200°F. 

It would be  necessary t o  account 

The h e a l t h  hazard assoc ia ted  with nuclear  r a d i a t i o n  would c r e a t e  many 

problems i n  handl ing models and equipment. 

Radio-wave r a d i a t i o n ,  l y i n g  a t  t h e  opposi te  end of t h e  spectrum from nuclear  

r a d i a t i o n ,  i s  a l s o  be l ieved  t o  be not f e a s i b l e  f o r  measuring r a d i a n t  i n t e r -  

change f a c t o r s  of i n t e r e s t  t o  spacec ra f t  thermal des igners .  

l e n g t h s  span the  spectrum from about l o 3  t o  10  

f o r  t h e  l a c k  of f e a s i b i l i t y  i s  t h e  d i f f i c u l t y  of s imula t ing  su r face  r e f l e c t i o n  

c h a r a c t e r i s t i c s  (solar and thermal)  t o  inc ident  long wave (>lo microns) 

The r a d i o  wave- 
11 microns. The 'primary reason 

2 
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. 
r a d i a t i o n .  D i e l e c t r i c  su r faces  tend  t o  t r ansmi t  r a d i o  waves, while  conductive 

surfaces t end  t o  absorb them. When r e f l e c t i o n  does occur,  r a d i o  waves t end  t o  

reflect  specu la r ly  unless  s u r f a c e  i r r e g u l a r i t i e s  (roughness) a r e  of t h e  same 

magnitude as the wavelength of t h e  inc iden t  energy. 

of r a d i o  t ransmiss ion  and problems of wave d i f f r a c t i o n  around s u r f a c e s  are 

a d d i t i o n a l  d i f f i c u l t i e s  whi ch make radio-wave r a d i a t i o n  gene ra l ly  mat t r a c t i v e  

f o r  thermal  design app l i ca t ions .  The s i n g l e  thermal a p p l i c a t i o n  t h a t  might 

prove s u s c e p t i b l e  t o  radio-wave measurements i s  t h a t  o f  in te rchange  between 

s u r f a c e s  at extreme 

The monochromatic na tu re  

cryogenic temperatures  ( l e s s  than  100OR). 

The f i e l d  of eppl ied  o p t i c s  dee l ing  with i l l umina t ion  provided t h e  tech- 

niques and equipment used i n  early s t u d i e s  of r a d i a n t  in te rchange  measurement 

at  Hughes (1964). 
of human v i s u a l  response (about 0 . 4  t o  0.7 micron),  and many of t h e  experi-  

Although i l l umina t ion  i s  s p e c t r a l l y  l i m i t e d  t o  t h e  waveband 

mental methods and devices used t o  measure of solar r a d i a t i o n  may be adapted ’ 9 

t o  t h e  measurement of s o l a r  r a d i a t i o n  (about 0.2 t o  4.0 microns) and thermal  

r a d i a t i o n  ( s a y ,  1.0 t o  30 microns).  The r e s u l t s  r epor t ed  by Bobco (Reference 

1) demonstrate t h e  f e a s i b i l i t y  of us ing  off- the-shelf  equipment f o r  measuring 

l o c a l  solar i r r a d i a t i o n  on model spacec ra f t .  A modi f ica t ion  of t h e  technique 

for measuring thermal  r a d i a n t  in te rchange  i s  descr ibed  below. 

the only technologies  which can be used t o  measure thermal  and solar r a d i a n t  

in te rchange  parameters are those  of appl ied  o p t i c s  ( i l l u m i n a t i o n ,  photography, 

i n f r a r e d )  and h e a t  t r a n s f e r .  

-# 

It appears t h a t  

A number of f e a s i b l e  measurement schemes are descr ibed  below, b u t . n o t  a l l  

of them a r e  p r a c t i c a b l e . .  It appears t o  be  feasible t o  d u p l i c a t e  both  boundary 

cond i t ions  and s u r f a c e  p r o p e r t i e s  i n  order  t o  ob ta in  t h e  absorbed t o  e x c i t e d  

f l u x  r a t i o  Zk Gk /Joi. However, it is  p r a c t i c a b l e  t o  s imula te  boundary con- 

d i t i o n s  or s u r f a c e  p r o p e r t i e s  or both i n s o f a r  as it i s  then  more convenient t o  

measure t h e  f l u x e s  of i n t e r e s t .  It does not appear f e a s i b l e  t o  s imula te  sur- 

-(i) - 

face p r o p e r t i e s .  The remaining d iscuss ion  d i s t ingu i shes  between thermal  i n t e r -  * 
change f a c t o r s , q k i ,  and solar in te rchange  f a c t o r s ,  9 
appear to be p o s s i b l e  t o  use t h e  same experiments t o  make simultaneous mea- 

because it does not ki ’ 

surements i n  t h e  d i f f e r e n t  wave bands. ’ 

c 
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Thermal Radiant Interchange 

An experiment based on dup l i ca t ion  of boundary condi t ions  and s u r f a c e s  

i s  descr ibed  by Viskanta,  Schornhorst, and Toor (Reference 3 ) .  A'model con- 

s i s t i n g  of two p lane  su r faces  w a s  t e s t e d  i n  a cold-walled vacuum chamber. The 

su r faces  were hea ted  e l e c t r i c a l l y  and temperatures were measured a t  both  sur -  

f aces .  

eters mounted behind small ape r tu re s  i n  the  su r face .  

experiment was no t  concerned with t h e  absorbed f l u x  which i s  t h e  parameter of 

importance t o  t h e  thermal  des igner .  

Local i r r a d i a t i o n  was measured at one su r face  using c a l i b r a t e d  radiom- 

I n  t h i s  r ega rd ,  t h e  

It Fiould be p o s s i b l e  t o  use t h i s  same kind of tes t  w i t h  a model space- 

c r a f t  t o  ob ta in  "ci)/ j  . d a t a  by hea t ing  one su r face  a t  a time and measuring k 01 
local i r r a d i a t i o n  at  a l l  o the r  su r faces .  The experiment would r e q u i r e  g r e a t  

ca re  i n  des ign  and f a b r i c a t i o n  of t h e  model i n  order  t o  e l imina te  (or account 

f o r )  conduction and t o  minimize t h e  time r equ i r ed  t o  reach  a s t eady  s t a t e  when 
changing from one e x c i t e d  su r face  t o  another.  

t ype  of dup l i ca t ion  inc lude  t h e  requirement of a cold-walled vacuum chamber 'and 

t h e  a s s o c i a t e d  d i f f i c u l t y  of making minor changes t o  t h e  model during t h e  

course of a t e s t .  

Other disadvantages of t h i s  

An experimental  procedure e x i s t s  i n  which su r face  f i n i s h e s  a r e  dupl i -  

ca t ed  bu t  s u r f a c e  e x c i t a t i o n  i s  simulated: A small d i f f u s e l y  r e f l e c t i n g  tar- 

g e t  l y i n g  on t h e  su r face  of t h e  e x c i t a t i o n  area i s  i r r a d i a t e d , b y  a p e n c i l  of 

i n f r a r e d  energy t o  s imula te  d i f f u s e  emission from t h a t  l o c a t i o n .  The i r r a d i -  

a t i o n  a t  o t h e r  s u r f a c e s  may be determined by using a second d i f f u s e l y  r e f l e c -  

t i n g  t a r g e t  on a s u r f a c e  of i n t e r e s t  and measuring t h e  r e f l e c t e d  energy wi th  

a remote viewing radiometer.  In so fa r  as t h e  scheme i s  not based on measuring 

tempera ture ,  t h e  experiment may be performed i n  a s h i r t - s l e e v e  environment, 

and t h e  model may be designed and f a b r i c a t e d  without r ega rd  t o  conduction o r  

convect ion h e a t  l o s s e s .  This scheme has t h e  disadvantage of r e q u i r i n g  mul t ip l e  

placement o f  t h e  e x c i t a t i o n  t a r g e t ,  The d i f f e r e n c e s  between d i f f u s e  r e f l e c t i o n  

and d i r e c t i o n a l  emission may be reconci led  by a n  a n a l y t i c a l  study and do not  

d e t r a c t  from t h e  f e a s i b i l i t y  (o r  p r a c t i c a b i l i t y )  of t h e  method. 

1 
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This scheme of  remote exc i t a t ion /de tec t ion  i s  wel l -sui ted t o  measuring 

r ad ian t  interchange phenomena between e x t e r i o r  su r faces  of a spacec ra f t ,  and 

it appears f e a s i b l e  t o  adapt it between i n t e r i o r  s u r f a c e s ,  as we l l .  

model systems could be f a b r i c a t e d  with a number of small removable pane ls  i n  

each nodal a r ea .  

a panel with a t r a n s l u c e n t  d i f f u s e  ma te r i a l  which would be i r r a d i a t e d  ex ter -  

n a l l y .  

s u r e  and viewed through a small aper ture  ( a  second removable pane l )  t o  o b t a i n  

a measurement. Obvious v a r i a t i o n s  t o  t h i s  procedure inc lude  the  use of a 

r e f l e c t i n g  t a r g e t ,  i n s t e a d  of a t r ansmi t t i ng  t a r g e t ,  i r r a d i a t e d  through a 

small ape r tu re  or t h e  e l imina t ion  of a r e f l e c t i n g  i r r a d i a t i o n  t a r g e t  by mea- 

su r ing  t h e  f l u x  emerging from an i r r a d i a t e d  ape r tu re .  

I n t e r i o r  

An e x c i t a t i o n  element ( t a r g e t )  could be achieved by r ep lac ing  

A r e f l e c t i n g  i r r a d i a t i o n  t a r g e t  could be placed anywhere i n  t h e  enclo- 

A t h i r d  scheme combines f e a t u r e s  of t he  two procedures mentioned above and 

appears t o  be f e a s i b l e .  

i r r a d i a t i o n  may be rep laced  by a small  e l e c t r i c  hea t ing  element whose r a d i a t i n g  

sur face  i s  i d e n t i c a l  t o  t h e  e x c i t a t i o n  a r e a  ma te r i a l .  

performed i n  a one atmosphere environment under t h e  fol lowing Conditions:  

The d i f f u s e  e x c i t a t i o n  t a r g e t  used for e x t e r n a l  beam 

The experiment could be 

1) The h e a t e r  element must be in su la t ed  from t h e  bulk a r e a  which con- 

s t i t u t e s  t h e  exc i t ed  su r face .  

All model sur faces  must be isothermal;  only t h e  small hea ted  exc i t a -  

t i o n  a r e a  can be at  an e leva ted  temperature.  

2) 

3)  The background r a d i a t i o n  must be suppressed i n  order  t o  d iscr imina te  

between s i g n a l  ( e x c i t a t i o n  a r e a  r a d i a t i o n )  and noise  (model and 

surroundings r a d i a t i o n ) .  

Each of t h e  t h r e e  condi t ions  r equ i r e s  a per iod  of t r i a l  and e r r o r  t o  

develop workable components, techniques,  and ope ra t iona l  sequences. The problem 

of  s i g n a l  and no i se  d iscr imina t ion  represents  t h e  only conceptual impediment t o  

t h e  success fu l  implementation of t h i s  scheme. 

t o  d i s t i n g u i s h  between t h e  s i g n a l  from a low-emittance high-temperature source 

and a high-emittance low-temperature background. 

For example, it may be impossible  

There are numerous combinations of techniques and instruments a v a i l a b l e  
f o r  e x c i t i n g  su r faces  and  measuring rad ian t  f l u x ,  bu t  a l l  of them can be 
r e l a t ed  t o  t h e  t h r e e  schemes descr ibed above. 
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Solar R a d i a n t  Interchange 

The d i s t i n c t i o n  between dup l i ca t ion  and s imula t ion  i s  less seve re  i n s o f a r  

as measurement of s o l a r  in te rchange  f a c t o r s  i s  concerned. That i s ,  a l l  sur- 

f a c e s  may be dup l i ca t ed  and the  s imula t ion  i s  confined t o  t h e  choice of a 

co l l ima ted  source of r a d i a n t  energy. The r ad ian t  sources  a v a i l a b l e  t o  t h e  

thermal  des igner  inc lude  t h e  sun (Reference l), var ious  s h o r t  a r c  lamps used 

f o r  s o l a r  s imula t ion ,  or common l i g h t  sources used f o r  i l l u m i n a t i o n  or photog- 

raphy. 
t h a t  t h e r e  is  no need t o  d u p l i c a t e  t h e  zero air-mass so lar  f l u x  because t h e  

measurements a r e  based on r e l a t i v e  f l u x  r a t h e r  t han  temperature .  If t h e  sun 

i s  used as t h e  r a d i a n t  source ,  it i s  necessary t o  use f i e l d  s t o p s  and/or 

r e f l e c t i v e  o p t i c s  t o  mask o f f  t h e  i r r a d i a t i o n  from a l l  model reg ions  except t h e  

e x c i t e d  su r face .  

success ive  measurements of s i g n a l  p l u s  noise and n o i s e  a lone .  If an a r t i f i c i a l  

r a d i a n t  beam i s  employed, it i s  s t i l l  necessary t o  e x c i t e  on ly  one su r face  a t  

a t i m e ,  b u t  a chopper may be used t o  d iscr imina te  between s i g n a l  and no i se .  

The b a s i c  procedure i s  descr ibed  i n  Reference 1, where it i s  observed 

S igna l  and no i se  d iscr imina t ion  may be achieved by making 

Whether t h e  sun i s  real o r  s imula ted ,  t h e  procedure r e q u i r e s  d i r e c t  e x c i t a t i o n  

o f  a real s u r f a c e  r a t h e r  than  a d i f f u s e l y  r e f l e c t i n g  t a r g e t ,  as i n  t h e  case  of 

thermal. in te rchange  measurements. 

The r e s u l t s  r epor t ed  i n  Reference 1 suggest t h a t  s p e c t r a l  dup l i ca t ion  i s  

S p e c t r a l  matching i s  not v i t a l  t o  measurement of s o l a r  interchange phenomena. 

d e s i r a b l e ,  bu t  t h e  use of any r a d i a n t  source t h a t  i s  e s s e n t i a l l y  white i n  t h e  

visible waveband (0.4 t o  0 . 7 ~ )  should be s u i t a b l e  f o r  most spacec ra f t  su r f aces .  

3.2 SURVEY SUMMARY 

A t  t h e  start of t h i s  survey, it w a s  hoped t h a t  two independent candidate 

techniques  would be found t o  be p r a c t i c a b l e  f o r  the  empi r i ca l  determinat ion of 

r a d i a t i o n  in te rchange  f a c t o r s .  Only one candidate emerged from t h e  study - t h e  

technique  of remote e x c i t a t i o n  and remote de t ec t ion .  This s i n g l e  technique i s  

believed t o  be p r a c t i c a b l e  f o r  both thermal and s o l a r  measurements wi th  d i f f e r -  

e n t  equipment r equ i r ed  f o r  t h e  two wavebands. 

The remaining d i scuss ion  emphasizes the measurement of thermal,  r a t h e r  

t h a n  s o l a r ,  r a d i a n t  in te rchange  parameters.  The r e s u l t s  r epor t ed  i n  Reference 

1 v i r t u a l l y  ensure  t h a t  solar interchange can be measured t o  any degree of 

accuracy  d e s i r e d .  The thermal  interchange measurements r e q u i r e  a d d i t i o n a l  anal- 

y s i s  and j u s t i f i c a t i o n  t o  demonstrate t h a t  t h e  remote exc i ta t ion / remote  detec- 

t i o n  scheme i s  Drac t i cab le .  - 3-7 



4.0 REMOTE EXCITATION AND REMOTE DETECTION 

A brief  d e s c r i p t i o n  of t h e  remote exc i ta t ion / remote  d e t e c t i o n  technique 

i s  g iven  i n  Sec t ion  3.0, bu t  t h e  p r a c t i c a b i l i t y  of  t h e  method can not be 

demonstrated without  a d d i t i o n a l  a t t e n t i o n  t o  d e t a i l s .  This  s e c t i o n  develops 

a more d e t a i l e d  a n a l y t i c a l  basis f o r  ob ta in ing  G 

s h e l f  hardware, and i d e n t i f i e s  some p o t e n t i a l  l i m i t a t i o n s  a s soc ia t ed  with 

equipment c h a r a c t e r i s t i c s .  

- ( i)  - /Joi, d i scusses  off- the-  k 

The implementation o f  experimental  methods f o r  ob ta in ing  r a d i a n t  i n t e r -  

change f a c t o r s  r e q u i r e s  t h e  following: 

1) Knowledge of t h e  hemispherical  su r f ace  emit tances  of t h e  var ious  

s u r f a c e s ,  t and 7 

A t echnique  f o r  measuring t h e  hemispherical  i nc iden t  f l u x  at  any 

surface, . 
A t echnique  f o r  e x c i t i n g  one sur face  at a t i m e  and measuring t h e  

hemispherical  emergent f l u x ,  

- 
i' k 

2) - 
Gk 

3 )  - 
Jo i  

"he measurement and computation o f  hemispherical  emit tance i s  a sc ience  which 

has  r e c e i v e d  cons iderable  a t t e n t i o n  s ince  t h e  mid-'50's and w i l l  not  be con- 

s i d e r e d  i n  t h i s  d i scuss ion .  The measurement o f  hemispherical  i r r a d i a t i o n  i s  

concep tua l ly  s t r a igh t fo rward ;  t h e  only requirement i s  a d e t e c t o r  which i s  both  

s m a l l  r e l a t ive  t o  t h e  nodal su r f ace  o f  in te res t  and free of  d i r e c t i o n a l  sens i -  

t i v i t y .  The t e r m  " f r ee  of d i r e c t i o n a l  s e n s i t i v i t y "  i s  used here  t o  i d e n t i f y  a 

component of a d e t e c t i o n  system which i s  d i f f u s e l y  absorbing,  t r a n s m i t t i n g ,  or  

r e f l e c t i n g .  The smallness  i s  requi red  t o  prevent t h e  de t ec to r ' f rom having a 

s t r o n g  r a d i a t i v e  i n t e r a c t i o n  with t h e  surroundings while  t h e  d i r e c t i o n a l  

s e n s i t i v i t y  must be avoided i n  order  t o  ob ta in  a d i f f u s e  (hemispher ica l )  

4 -  1 
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I 

measurement. 

i n t e r e s t ;  t h e s e  inc lude  i l luminometers,  photographic f i l m  under a d i f f u s e  

cover g l a s s ,  d i f f u s e  t a r g e t s  viewed from remote l o c a t i o n s  by photometers o r  

rad iometers ,  photon s e n s i t i v e  devices such as s o l a r  c e l l s  o r  CdS wafers under ' 

diff'use cover g l a s s ,  o r  even a s m a l l  ape r tu re  i n  t h e  su r face  backed by an 

i n t e g r a t i n g  sphere and i t s  a s soc ia t ed  de tec to r .  

A v a r i e t y  o f  d e t e c t o r s  may be used depending on t h e  waveband of 

The problem o f  s ing le-sur face  e x c i t a t i o n  and i t s  measurement r ep resen t s  

t h e  only  conceptual  impediment t o  obta in ing  a r a d i a t i v e  interchange f a c t o r  by 

experimental  means. The na tu re  of t h e  problem d i f f e r s  wi th  t h e  waveband of 

i n t e r e s t  i n s o f a r  as s o l a r  e x c i t a t i o n  i s  conceptual ly  d i f f e r e n t  from thermal  

e x c i t a t i o n .  So la r  e x c i t a t i o n  i s  p ropor t iona l  t o  t h e  product of t h e  c o l l i -  

whi le  thermal  e x c i t a t i o n  i s  
4 
k' 

"s ,k ' mated s o l a r  f l u x  and an inc idence  f a c t o r ,  

p ropor t iona l  t o  t h e  t o t a l  blackbody emissive power , UT 
of a s i n g l e  s u r f a c e  may be s imulated wi th  comparative ease  us ing  a co l l ima t ing  

p r o j e c t i o n  system and a lamp source with appropr ia te  s p e c t r a l  c h a r a c t e r i s t i c s .  

It i s  not necessary  t o  d u p l i c a t e  t h e  magnitude of t h e  s o l a r  cons tan t  , S, f o r  

t h e  measurement of in te rchange  phenomena. Thermal. e x c i t a t i o n  i s  more d i f f i -  

c u l t  t o  achieve  because conduction and convective h e a t  t r a n s f e r  can obscure 

t h e  r a d i a t i v e  exchange. 

S o l a r  e x c i t a t i o n  

Thermal e x c i t a t i o n  of a s i n g l e  surface may be  a t t a i n e d  e i t h e r  by dupl ica-  

t i o n  or simulation. Dupl ica t ion  r e q u i r e s  hea t ing  t h e  s u r f a c e  of i n t e r e s t  

while  coo l ing  a l l  o t h e r  s u r f a c e s  and c o n t r o l l i n g  con;vection and conduction. 

Sur face  h e a t i n g  may be  accomplished by bonding e l e c t r i c  h e a t e r  b lankets  o r  

hea t  exchangers t o  t h e  back o f  a sur face .  I n  p r i n c i p l e ,  a l l  o t h e r  su r faces  

could be maintained a t  cryogenic temperatures t o  minimize "noise," but i n  

p r a c t i c e ,  such a procedure would be d i f f i c u l t  t o  implement. 

be e l imina ted  by t e s t i n g  i n  a vacuum and conduction could be minimized by 

c a r e f u l  des ign  and f a b r i c a t i o n  of su r face  i n t e r f a c e s .  A l t e r n a t e l y ,  it might 

be p o s s i b l e  t o  make measurements i n  a s h i r t s l e e v e  environment by making 

t r a n s i e n t  measurements of t h e  e x c i t e d  sur face  temperature  , t h e  i r r a d i a t i o n  at 

o t h e r  s u r f a c e s ,  and then  c o r r e l a t e  d a t a  on an ins tan taneous  basis. 

Convection could 

? 
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Thermal excitation by simulation can be accomplished in a variety of ways. 
Equation 1 is repeated for convenience 

"( i) 
N N  

ek 'i Gk 
J 
N = 
oi 

is a hemispherical flux and should be associated with a Joi N 
The excitation, 

spectral waveband; however, it is not necessary to associate J with the 

emittance . If duplication is required then 
oi 

i 
4 N N - Joi - ei aTi 

but a collimated input may be used instead as 
N 

Two obvious conditions must be fulfilled to make this type of simulated thermal 

excitation acceptable: 

1) The collimated flux, J , must have the same waveband characteristics 
implied by oTi . 
The directional reflectance must have the same characteristics as 

directional emittance; that is 

4 

2) 

(hemispherical) (4)  N 

p i  = K Y i  9 

and 

where 

= K  iw 

- 1  
e -  

ei n 

- 1  = -  
pi = 

(directional) 'iw ' 

(2rr) emergent 

( 'n'emer gen t 

(5) 

K = constant 

The collimated input of 
as flux emitted from A . The type of simulation implied above amounts to i 
virtual duplication and as such represents a nearly ideal situation which may 

on A .  must be redistributed in the same directions d 1 

not be attainable. 4 - 3  



0)  BI-DIRECTIONAL REFLECTION 
FROM A REAL SURFACE 

e)EMlSSlON FROM REAL 
SURFACES 

b) ISOTROPIC REFLECTION FROM 
A DIFFUSE SURFACE 

l 

d l  ISOTROPIC EMISSION FROM 
A DIFFUSE SURFACE 

Figure 2 .  Schematic Comparison of R e f l e c t i o n  and Emission 
From Real and Idea l  (Di f fuse )  Surfaces 

. 



The v i r t u a l  dup l i ca t ion  of thermal e x c i t a t i o n  by use of  n col l imated I R  

i npu t  s e rves  as a po in t  of depar ture  f o r  purposes of engineer ing design simula- 

t i o n .  As t h e  next s t e p ,  it may be observed t h a t  

1) I f  A .  were a d i f f u s e  e m i t t e r  and a d i f f u s e  r e f l e c t o r ,  Equation 1 

would be s a t i s f i e d .  

The emit tance of r e a l  su r f aces  tends  t o  be d i f f u s e .  

1 

2)  

D i r e c t i o n a l  c h a r a c t e r i s t i c s  o f  r e a l  and i d e a l  surfaces  appear i n  Figure 2 .  From 

t h e s e  observa t ions ,  it i s  tempting t o  conclude t h a t  t h e  su r face  A should be 

made a d i f f u s e  r e f l e c t o r  i n  order  t o  approximate t h e  d i r e c t i o n a l  emit tance of 

i t s  real pro to type .  This type  of sur face  s imulat ion appears t o  represent  a 

i 

reasonable  compromise with v i r t u a l  dupl ica t ion ;  it has t h e  advantage of com- 

p l e t e l y  e l imina t ing  t h e  product 

Equation 1. I ts  g r e a t e s t  disadvantage i s  that  t h e  t r u e  b i d i r e c t i o n a l  r e f l e c t i v e  

c h a r a c t e r  of A .  may be destroyed even i f  t h e  magnitude of hemispherical  

r e f l e c t a n c e  i s  preserved.  

C from both numerator and denominator of i s , i  

1 

The e r r o r  induced i n  s u b s t i t u t i n g  a d i f f u s e l y  r e f l e c t i n g  su r face  f o r  a 

A geometry real ( b i d i r e c t i o n a l )  su r f ace  i s  an a n a l y t i c a l l y  t r a c t a b l e  quan t i ty .  

of i n t e r e s t  may be pos tu l a t ed  and solved f o r  r e a l  su r f ace  p r o p e r t i e s  and f o r  

. one su r face  having a d i f f u s e  r e f l ec t ance .  Unfortunately,  such an e r r o r  a n a l y s i s  

i s  beyond t h e  scope of t h e  present  study. 

Another compromise f o r  t h e  sake of implementing s i n g l e  su r face  e x c i t a t i o n  

wi th  a co l l imated  input  involves  t h e  use of  a small po r t ion  of A 

r e f l e c t o r  while  preserv ing  t h e  r e a l  r e f l e c t i v e  p rope r t i e s  everywhere e l s e .  

This  approach v i o l a t e s  t h e  assumption of uniform e x c i t a t i o n , b u t  t h e  e r r o r  may 

be e l imina ted  by r epea t ing  measurements with t h e  source moved t o  s e v e r a l  

l o c a t i o n s  on A 

area is  requ i r ed  t o  change " loca l "  exchange f a c t o r s  t o  "area mean" exchange 

f a c t o r s .  The assumption of uniform i r r a d i a t i o n  and e x c i t a t i o n  e l iminates  the 

mathematical  d e t a i l s ,  bu t  t h e s e  same d e t a i l s  must be recovered when l o c a l  exci-  

t a t i o n  and/or l o c a l  i r r a d i a t i o n  a r e  measured.] T h i s  t echnique ,  of l o c a l  exc i t a -  

. t i o n  i s  s u s c e p t i b l e  of e r r o r  ana lys i s  and a simple case i s  examined below f o r  

as a diff 'use i 

[NOTE: A double i n t e g r a t i o n  over a source area and a s ink  i '  

a d i f fuse-p lus-specular  enclosure.  
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4.1 COMPARISON OF POINT AND UNIFORM EXCITATION 

An enclosure  of t h r e e  d e f i n i t e . s u r f a c e s  i s  shown i n  t h e  ske tch  below. An 

incremental  area, 6%. i s  shown l y i n g  a t  t h e  c e n t r o i d  o f  one of t h e  areas, A1.. 

I f  the  r e f l e c t i v e  p rope r t i e s  of a l l  sur faces  a r e  known and a l l  dimensions a r e  

spec i f i ed ,  a formal problem may be i d e n t i f i e d  as follows: What is t he  e r r o r  

2 '  i n  assuming 3k2 = 312 and dk3 = J13? I f  6% l i e s  a t  the  cent ro id  of A 

what i s  the  e r r o r  i n  assuming -$kl = 41 and 4 3  = 3 23 ' * 

The t r a n s f e r  m a t r i x  f o r  t h i s  enclosure i s  

D =  
d 

- p 3  931 

d - p1 913 

- pk qlcl - pk 9k2 - pk 9k3 

The seve ra l  interchange f a c t o r s  of i n t e r e s t  may 

follows : 

d p;= p; + p;" 

be evaluated i n  c losed form a s  

4 - 6  .. 



When A1 1 A and A 2 2 
/ /  A3, then (pll = 0 and pkl = 0 so t h a t  

These express ions  suggest t h a t  the  e r r o r s  w i l l  be small  i f  t he  sur face- to-sur -  

f a c e  exchange f a c t o r s  f) 
t o - su r face  f a c t o r s ,  

, (p23 , e t c . ,  a r e  of comparable va lue  a s  t he  point-  12 
, (Pk3, e t c .  The equations above have a simpler 

9k2 d 
appearance i n  f u l l y  specular  enclosures  for  which a l l  p i  = 0,  i = 1, 2,  3: 

- q12 - Qk2 

i = 1, 2 ,  3 %2 

- "23 f23  - qk3 100 
A.  specular 

-?2 3 
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The c losed  form express ions  above a l s o  se rve  t o  i l l u s t r a t e  t h a t  t h e  e r r o r  

i n  equat ing  l o c a l  e x c i t a t i o n  wi th  uniform e x c i t a t i o n  i s  a s t r o n g  func t ion  of 

geometry. A s  a f irst  s t e p  i n  t h e  e r r o r  a n a l y s i s ,  a f u l l y  d i f f u s e  enc losure  

was inves t iga t ed .  

convent ional  shape f a c t o r s ,  Fkj;  a d d i t i o n a l  s i m p l i f i c a t i o n  r e s u l t s  because 

a l l  of t h e  s u r f a c e s  a r e  p lane  so t h a t  a l l  Fkk = 0. 

When a l l  p: = 0 ,  t h e  exchange f a c t o r s ,  9 reduce t o  
k j  ' 

The pre l iminary  r e s u l t s  f o r  6% l y i n g  a t  t h e  cen t ro id  of A1 i n d i c a t e  

t h a t  l o c a l  e x c i t a t i o n  may be used as t h e  b a s i s  fo r  making experimental  mea- 

surements of nodal  interchange f a c t o r s .  The simple e r r o r  a n a l y s i s  confirms 

i n t u i t i o n  by showing t h a t  s i n g l e  po in t  e x c i t a t i o n  i s  acceptable f o r  "open" 

systems such t h a t  F However, f o r  c l o s e l y  coupled systems, 

s i n g l e  p o i n t  e x c i t a t i o n  can l e a d  t o  e r r o r s  of about 50 percent  i n  in te rchange  

f a c t o r  measurement. 

t: FAj,Ai. 6Ak , A i  

It i s  apparent t h a t  successive ( r epea ted )  e x c i t a t i o n  at 

s e v e r a l  l o c a t i o n s  on t h e  e x c i t i n g  su r face  a re  needed t o  s imula te  area-to-area 

in te rchange .  The procedure o f  po in t  e x c i t a t i o n  and measyrement i s  descr ibed  

below. The mathematical b a s i s  f o r  t h e  procedure i s  presented  i n  t h e  next 

s ec t ion .  

Consider an  enc losure  of nodal  a r e a s  A1,A2, * * * ,  which e m i t  and 

r e f l e c t  i n  an a r b i t r a r y  manner: 

. *  

- 
- 
j 

A 

i s  subdivided i n t o  a number of e lemental  a r eas  AA : e .g .  Each nodal  area, 5 
3 '  J '  

5 . 

Mk 
$ = AAkl 

k'=l 
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The interchange f a c t o r  9ki requ i re s  f ind ing  

t i o n  ELi ) ,  may be found by measuring point  i r r a d i a t i o n  on 

e x c i t a t i o n  on xi and t a k i n g  a double sum over k '  and i '  as fol lows:  

' =1 

and TOi. The nodal i r r a d i a -  k 
caused by po in t  % 

1) Exci te  t h e  element AAi on x. and measure t h e  poin t  i r r a d i a t i o n  
1 -  , k' = 1, 2, ..., %, on %. Take t h e  a r e a  weighted sum 

of t h e s e  t o  f i n d  

'i 

- 
2) Measure t h e  poin t  e x c i t a t i o n  JoiI-l at 

r e - r e f l e c t i o n  from o t h e r  sur faces .  

i n  t h e  absence of - 

3 )  Repeat s t e p s  1) and 2 )  f o r  i '  = 2 ,  3, * * *  Y Mi' 

-(i) 4 )  Take t h e  sum of a l l  Gk -(") t o  obta in  t h e  nodal i r r a d i a t i o n  G k '  

5) Take t h e  area weighted sum of a l l  Zoit t o  ob ta in  t h e  nodal exc i t a -  

t i o n  Yoi. 

- 1 Mi - - - - Jo iAAi I  
J o i  - Ai i'=l 

Observe t h a t  i f  t h e  po in t  e x c i t a t i o n  i s  constant  at a l l  AAi, , then  

This  last condi t ion  e l imina te s  t h e  need t o  measure a l l  ? 
s i n g l e  measurement t o  s u f f i c e .  It does not e l imina te  t h e  need t o  e x c i t e  a l l  
o f  t h e  l o c a t i o n s  AAi, . When Gk -(i) and TOi a r e  known, values  may be used i n  

Equation 1 t o  ob ta in  t h e  node-to-node interchange f a c t o r .  

and permits  a o i  

This  d i scuss ion  i s  gene ra l  i n s o f a r  as t h e  e x c i t a t i o n  of a po in t  may be 

cons idered  as e i t h e r  monochromatic or  t o t a l .  However, it i s  not intended t h a t  

po in t  e x c i t a t i o n  be used i f  full xiode . exc i t a t ion  i s  p r a c t i c a l .  S p e c i f i c a l l y ,  

4-9 
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po in t  e x c i t a t i o n  appears  t o  be necessary f o r  measuring thermal  in te rchange  

parameters ,  while nodal  a r e a  e x c i t a t i o n  appears t o  be both more e f f i c i e n t  and 

accu ra t e  f o r  measuring s o l a r  interchange f a c t o r s .  

Rela t ionshipBetween Local and Nodal Radiat ion Fluxes 

Radia t ive  t r a n s f e r  among su r faces  separa ted  by nonabsorbing, non- 

s c a t t e r i n g  media i s  governed by t h e  l i n e a r  Fredholm i n t e g r a l  equat ion  of t h e  

second k ind .  Inasmuch as t h e  equat ion  i s  l i n e a r ,  i n t u i t i o n  i n d i c a t e s  that 

supe rpos i t i on  of f o r c i n g  func t ions  may be used t o  advantage i n  implementing 

t h e  experimental  measurement of r a d i a t i v e  f luxes .  The a n a l y s i s  which follows 

shows how a success ion  of p o i n t s  e x c i t e d  one at a time on an area is  

equivalent to exciting the entire area Ai at once in creating a radiant tlux 
incident at another area %. The analysis is performed for an enclosure of 
diffusely reflecting surfaces in order to minimize the notational difficulties 

associated with more realistic surfaces. 

i - 
- 

An enclosure containing N surfaces is shown in Figu+e 3. Each s u r f a c e  

may be subdivided into a finite number of elemental areas, 
M i  

Figure 3. Enclosure of N Surfaces 

v . 
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A lower case index is used to identify a nodal area, A (j = 1, 2, ..., N), 1' 
while the same index with a prime refers to an element of the nodal area, 6Aj 1 

(j' = 1, 2, ..., Mj). 
node, 

Differential areas are identified with the index of the 

The radiosity equation at any point dA may be expressed as 
a 

N f  

J 
where 

Jo(dAa) = point excitation at dAa 
K(dAa,dAj) = shape factor kernel relating dAa and dA 
p(dAa) = diffuse reflectance of dA,. 

j 

J and K are assumed known everywhere in the enclosure and J must be found. 

The solution of Equation 8 may be expressed in terms of a resolvant, 
R(dAa, dAjlx), which is postulated as known. 

be found experimentally). A is a parameter which is related to reflectance. 
The solution has the form 

0 

(In practice, the resolvant will 

N - 
(9) j '  

J(dAa) = Jo(dA,) + 

j 
A 

The irradiation at a point d% is 

Equation 9 may be used with Equation 10 t o  ob ta in  

4-11 
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I n  keeping wi th  t h e  experimental  procedure f o r  measuring r a d i a n t  i n t e r -  

change, it i s  assumed t h a t  only t he  s u r f a c e  

t i o n  is uniform over  t h e  su r face .  

i s  exc i t ed  and t h a t  t h e  e x c i t a -  i 
Equation 11 reduces t o  

The func t iona l  n o t a t i o n ,  G(aqZ;Zi), i s  used t o  denote t h a t  t h e  i r r a d i a t i o n  at 

t h e  po in t  i s  due s o l e l y  t o  e x c i t a t i o n  of t h e  nodal a r e a  xi. The in t eg ra -  -- 
t i o n  over A. may be decomposed according t o  Equation 6: 

1 

where dAil is  a p o i n t  l y i n g  i n  t h e  elemental  a r e a  6A;. Equation 13 provides  

t h e  basis f o r  supe rpos i t i on  by de f in ing  a p a r t i a l  i r r a d i a t i o n  G(%;6A i t  ) . as 

. .  

The complete i r r a d i a t i o n  of Equation 1 2  i s  recovered by summing t h e  p a r t i a l  

i r r a d i a t i o n s  over i' 

The mean nodal  i r r a d i a t i o n  r equ i r ed  for interchange f a c t o r  computations i s  

def ined  as 
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Once more, t h e  i n t e g r a l  may be decomposed as 

An elemental  mean value def ined as 

and used wi th  Equation 1 5  de f ine  an elemental  i r r a d i a t i o n  at 6 % ,  caused by 

an elemental e x c i t a t i o n  a t  6Ai  : 

Equations 1 5  and 19 may be combined i n  Equation 17 t o  obta in  

Th i s  double summation over t h e  e x c i t a t i o n  a r e a  and t h e  i r r a d i a t e d  a r e a  i s  t h e  

formal r e l a t i o n s h i p  suggested by i n t u i t i o n .  
- 

Turning next t o  t h e  e x c i t a t i o n  of  t he  nodal area, A i ¶  t h e  quan t i ty  

r equ i r ed  f o r  experimental  eva lua t ion  of interchange f a c t o r s  i s  

. Joi = -  - 4 Jo( ui )dAi 
Ai Ai 
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- 
If t h e  l o c a l  e x c i t a t i o n ,  J (dA. , ) ,  i s  uniform over all of  Ai,  then  

0 1  

This  r e s u l t  i s  i n t u i t i v e l y  apparent and i s  included t o  show t h a t  t h e  l o c a l  

e x c i t a t i o n  need be measured only once, so long as it i s  maintained cons tan t  

dur ing  t h e  experiment. 

4.2 EQUIPMENT SURVEY : THERMAL FACTORS 

The a n a l y s i s  and d i scuss ion  i n  preceding s e c t i o n s  have shown how l o c a l  

e x c i t a t i o n  and l o c a l  i r r a d i a t i o n  measurements may be used t o  ob ta in  empi r i ca l  

d a t a  f o r  r a d i a t i v e  in te rchange  f a c t o r s .  

of an equipment survey which demonstrates t h e  f e a s i b i l i t y  o f  u s ing  r e a d i l y  

T h i s  s e c t i o n  desc r ibes  t h e  f i n d i n g s  

. a v a i l a b l e  hardware t o  ob ta in  thermal  ( I R )  and s o l a r  r a d i a t i o n  interchange 

f a c t o r s  i n  a s h i r t s l e e v e  environment based on t h e  loca l - fo- loca l  technique. 

Thermal Fac to r s  

The components r equ i r ed  t o  o b t a i n  r a d i a t i v e  in te rchange  f a c t o r s  from a 

model s p a c e c r a f t  i nc lude  t h e  following: 

1) ~n e x c i t a t i o n  source  

2 )  A difmse e x c i t a t i o n  t a r g e t  

3 )  A d i f f u s e  i r r a d i a t i o n  t a r g e t  

4 )  An i r r a d i a t i o n  d e t e c t i o n  system 

These components would be used i n  a manner similar t o  t h a t  descr ibed  by 

Bobco (Reference 1) f o r  ob ta in ing  l o c a l  s o l a r  i r r a d i a t i o n  data. 

d i f f e r e n c e s  a r e  t h e  waveband of t h e  r a d i a t i v e  e x c i t a t i o n  and t h e  use of an 

e x c i t a t i o n  t a r g e t  t o  s imula te  su r face  emission. The implementation of t h e  

l o c a l - t o - l o c a l  technique f o r  I R  interchange f a c t o r s  r e q u i r e s  t h e  use of an I R  

beam o f  r a d i a n t  e n e r a  focused on a smal l  d i f f u s e l y  r e f l e c t i n g  e x c i t a t i o n  

t a r g e t .  The t a r g e t  r a d i o s i t y ,  Jail, must  be measured by a remote viewing 

r a d i a t i o n  d e t e c t o r  f o r  use as a re ference  value.  

t a r g e t  p laced  on some su r face  of i n t e r e s t  i s  a l s o  viewed by t h e  remote 

The p r i n c i p a l  

A second d i f f u s e l y  r e f l e c t i n g  

4 -  14 
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d e t e c t o r  t o  o b t a i n  t h e  p a r t i a l  i r r a d i a t i o n ,  #) ,  at t h a t  po in t .  The irradia- 

t i o n  is  found by measuring t h e  r a d i o s i t y  of t h e  second t a r g e t  and d iv id ing  t h e  

va lue  by t h e  i r r a d i a t i o n  t a r g e t  r e f l e c t a n c e ,  pt ( k )  

The r a d i a t i o n  interchange f a c t o r  s c r i p t - F ,  i s  shown t o  be p ropor t iona l  t o  

the r a t i o  

This last  r e s u l t  may be used t o  remark t h a t  t h e  r e f l e c t a n c e  o f  t h e  e x c i t a t i o n  

t a r g e t ,  P ( i ) ,  i s  a r b i t r a r y  and i t s  magnitude may be  unknown so long  as it i s  

Lambertian ( d i f f u s e ) .  

be known q u a n t i t a t i v e l y ,  bu t  it i s  a r b i t r a r y ,  as w e l l ;  however, p r a c t i c a l  con- 

s i d e r a t i o n s  i n d i c a t e  t h a t  both t a r g e t s  should be h igh ly  r e f l e c t i v e ,  

P , ( i )  = P t l  (k) -. 1 .0  i n  o r d e r  t o  ob ta in  cons i s t en t  d a t a .  

t 
The magnitude o f  t h e  i r r a d i a t i o n  ;arget , Pt ( k )  , must 

The discovery t h a t  t a r g e t  r e f l e c t a n c e  i s  cons t r a ined  only  by t h e  requi re -  

ment o f  d i f f u s e n e s s  allowed most o f  t h e  cu r ren t  f e a s i b i l i t y  s tudy  t o  be con- 

cerned w i t h  I R  sources  , t r a n s f e r  o p t i c s  , radiometers  , and a s soc ia t ed  

e l e c t r o n i c s  equipment. The purpose of t he  study w a s  t o  ob ta in  a l i s t  of 

optimum components. 

t h a t  o f f - the-she l f  hardware i s ,  indeed, a v a i l a b l e  f o r  implementing t h e  l o c a l -  

t o - l o c a l  technique  success fu l ly .  Addit ional  s t u d i e s  showed t h a t  marked improve- 

ments would r e s u l t  by modifying t h e  t r a n s f e r  o p t i c s  and us ing  a s ta te -of - the-  

art ( r a t h e r  t han  o f f - the - she l f )  d e t e c t o r  with commercially a v a i l a b l e  equipment. 

The a n a l y s i s  and d i scuss ion  i n  support of t h i s  conclusion a r e  presented  f o l -  

lowing a formal problem s ta tement .  

The " f i r s t - o r d e r "  r e s u l t s  r epor t ed  i n  Reference 5 show 

Problem Statement 

Consider two d i f f u s e l y  r e f l e c t i n g  elemental a r e a s  &A1 and 6 A  separa ted  

b y . a  d i s t a n c e  L where t h e  a reas  a r e  on t h e  order  of 1-inch diameter and t h e  

s e p a r a t i o n  d i s t a n c e  i s  on t h e  order  of 0.5 meter. 

2 

12 
A p e n c i l  of I R  energy 
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i r r a d i a t e s  d A  f r o m  a source of d is tance  L 
1 1' 

An I R  radiometer views d A 2  from a d is tance  L 

a t  t h e  source.  

with an angle  of incidence +i. 

t o  d e t e c t  energy which o r i g i n a t e s  3 
The geometry i s  shown schematical ly  i n  Figure 4. The problem 

of i n t e r e s t  i s  t o  determine t h e  a v a i l a b i l i t y  of  equipment f o r  app l i ca t ion  of  

the loca l - to- loca l  method. 

Summary of System C h a r a c t e r i s t i c s  

The " f i r s t - o r d e r "  f e a s i b i l i t y  of the  remote exc i ta t ion / remote  de t ec t ion  

technique was e s t a b l i s h e d  by t h e  equipment survey repor ted  i n  Reference 5.  
was e s t a b l i s h e d  t h a t  off- the-shelf  hardware was a v a i l a b l e  f o r  a l l  major com- 

ponents (with t h e  exception o f  d i f f u s e  t a r g e t s ) ,  but system performance was 

only  s l i g h t l y  b e t t e r  than marginal.  The weakest components i n  t h e  system were 

It 

i d e n t i f i e d  as t h e  t r a n s f e r  o p t i c s  and t h e  thermis tor  bolometer de t ec to r .  

p re l iminary  design ana lys i s  of t h e  t r a n s f e r  o p t i c s  showed t h a t  t h e  s ignal- to-  

noise  r a t i o  could be increased by an order  of magnitude by using custom made 

f/2 t r a n s f e r  o p t i c s  i n  p lace  of t h e  off- the-shelf  f / 5 .5  domponent. An addi- 

t i o n a l  order  of magnitude improvement was obtained by us ing  a zinc-doped 

germanium (Ge:Zn) d e t e c t o r  i n  p lace  of t he  more common germanium immersed 

t h e r m i s t o r  bolometer.  A summary of  equipment c h a r a c t e r i s t i c s  i s  shown i n  

Table 1 and a d iscuss ion  o f  t h e  improved components fol lows.  

A 

" -  . -  

TABLE 1. COMPARISON OF PRELIMINARY AND IMPROVED EQUIPMENT 
CHARACTERISTICS FOR THERMAL FACTOR MEASUREMENTS 

Equipment 

Source 
Trans fe r  o p t i c s  

Speed 
Transmit tance 
Transmi t ted  power 

Detect  o r  
Radiometer 
Amp1 i f i e r 
System NEPD 
Nominal s ignal- to-noise  r a t i o  
Time f o r  one data po in t  

(a) Barnes Engineering Company 
(b) Warner and Swasey Model 30 

Prel iminary 
(Reference 5 )  

1100" c (a)  
(b 1 
f l 5 . 5  
72 percent  
0.1 w a t t  
Thermistor bolometer 
Barnes 8 i n c h e s ( a )  
PAR: HR-8 ( d ,  
4 . 9  x 10-12 w/cm2 
1 4  
-2 minutes 

~~ 

Improved 
~~ 

11000 c ( a )  
( C  1 
f12 
76 percent  
1 . 2  watts 
Ge : Zn 
Barnes 8 inches(a)  
PAR : H R - 8  ( d ) 
2.8  x 10-13 w/cm2 
7,500 
-4 seconds 

( c )  Custom made 
( d )  Pr inceton Applied Research Corporation 
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Sources 

I n  t h e  p re sen t  d i scuss ion ,  r ad ian t  sources a r e  considered as be ing  

d i s t i n c t  from t h e  t r a n s f e r  o p t i c s  ( a u x i l i a r y  equipment) needed t o  i r r a d i a t e  a 

t a r g e t  a r ea .  There a r e  seve ra l  obvious r ad ian t  energy sources  for t h i s  long- 

wave region:  Nernst glowers,  glow b a r s ,  and blackbodies .  From t h e s e  s p e c t r a l l y  

continuous sources ,  t h e  blackbody w a s  chosen s ince  it can be operated at tem- 

pe ra tu res  as high or higher  than  a glow bar  or Nernst glower, and has both  a 

l a r g e r  a c t i v e  area and higher  emittance than t h e  o the r  candidates .  Figure 5 
shows t h a t ,  as t h e  temperature  of t h e  blackbody inc reases ,  a smaller f r a c t i o n  

o f t h e  t o t a l  energy i s  i n  t h e  region of i n t e r e s t .  However, s ince  t h e  Plankian 

curves do not  c r o s s ,  more energy i s  always obtained i n  t h e  region o f  i n t e r e s t .  

Above 1 8 0 0 " ~  more energy must be discarded than  i s  used, and t h e  rate a t  which 

t h e  a v a i l a b l e  energy inc reases  with temperature becomes smal le r .  Thus, t h e  

r e a l  concern,  as shown above and i n  Figure 6 ,  i s  t h e  s p e c t r a l  match. (This  

aspec t  i s  d iscussed  i n  d e t a i l  below.) If a f l a t  response d e t e c t o r  is  used, t h e  

1100°C source would weight t h e  2-micron region unduly,whereas a t  more r e a l i s t i c  

spacec ra f t  temperatures  of 100"F, the +micron region would be t h e  s p e c t r a l  

i n t e r v a l  of i n t e r e s t .  This  e f f e c t  can be counterbalanced by us ing  a d e t e c i o r  

t h a t  does no t  have a f l a t  response or a f i l t e r ,  or  both.  

Detec tors  

The m o s t  c r i t i c a l  component i n  t h e  exc i t a t ion /de tec t ion  system i s  be l ieved  

t o  be t h e  d e t e c t o r  i n  t h e  radiometr ic  c o l l e c t o r .  

d e t e c t o r s  (Ge:Cu, Ge:Cd, Ge:Zn) have a biased response which would t end  t o  

" s h i f t "  t h e  1100°C curve t o  t h e  longer  wavelengths. The apparent emissive 

power of a lower temperature  source may be obtained by consider ing t h e  a r i t h -  

met ic  product  of a high temperature source ( v i z .  1100°C) and t h e  s p e c t r a l  

response of an appropr i a t e  germanium de tec to r .  

cases: 

Ge:Zn and 1100°C source approximate a 6 8 0 " ~  blackbody; and an 1100°K source 

and t h e  Ge:Zn approximate a 400°F blackbody. 

improved a d d i t i o n a l l y  with an appropriate  long-wave b a n d p a s s  f i ' l t e r  t o  a p p r o x -  

imate a 220°F blackbody e x c i t a t i o n  (OCLI, Opt ica l  Coatings Laborator ies  , Inc.  , 
has  a proven c a p a b i l i t y  f o r  providing such components). 

Severa l  doped germanium 

Figure 7 shows t h r e e  d i f f e r e n t  

t h e  Ge:Cu and an 1100°C source approximate a 1000°F blackbody; t h e  

This l as t  combination may be - 

Thermistor bolometers , 
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which were considered as common and r e a d i l y  ava i l ab le  d e t e c t o r s  do not  e i t h e r  

ease t h e  s p e c t r a l  mismatch or provide an adequate s ignal- to-noise  r a t i o .  The 

Ge:Zn d e t e c t o r  i s  recommended as t h e  b e s t  choice although it i s  not a common 

d e t e c t o r .  For e i t h e r  t h e  1100°C o r  the  1100°K sources ,  t he  Ge:Zn d e t e c t o r  i n  
a Barnes 8-inch radiometer would provide a t y p i c a l  NEPD of  about 4 x 10  -13 

2 watt/cm . 
Auxi l ia ry  Equipment 

Anc i l l a ry  equipment requi red  t o  perform a success fu l  I R  interchange 

measurement inc ludes  source t r a n s f e r  o p t i c s ,  a radiometr ic  c o l l e c t i n g  device,  

s i g n a l  process ing  equipment, and t a r g e t s .  The Barnes 8-inch radiometer wi th  

interchangeable  d e t e c t o r s  and b u i l t - i n  e l ec t ron ic s  i s  recommended as t h e  b e s t  

choice among a l l  c u r r e n t l y  a v a i l a b l e  de t ec t ion  systems. However t h e  off- the-  

she l f  f/5.5 t r a n s f e r  o p t i c s  descr ibed i n  Reference 5 "throw away" t o o  much 

o f t h e  source energy. I n  an attempt t o  improve upon t h e  f /5 .5  system, new 

transfer o p t i c s  were analyzed and t h e  f / 2  system shown i n  Figure 8 i s  be l ieved  

t o  be most appropr ia te .  

A s  w a s  suggested i n  Reference 5 .  t h e  PAR lock in  ampl i f i e r  (Model HR-8)  
i s  recommended t o  i n t e g r a t e  t h e  s i g n a l .  This  ampl i f ie r  would be locked i n  
phase wi th  a chopper on t h e  blackbody source.  

Signal-to-Noise Calcu la t ions  

This  s e c t i o n  summarizes t h e  a n a l y t i c a l  cons idera t ions  which l e d  t o  t h e  

choice  of equipment descr ibed above. 

of  F igure  4 , t h e  following is  obtained f o r  t h e  l l O O ° C  blackbody 

Using t h e  above equipment and t h e  se tup  

2 Bs = W rs = 20(0.635)2 = 8.1 wa t t s / s t e rad ian  

With the  improved f / 2  t r a n s f e r  o p t i c s  

P1 = BsTQ 

where t h e  s o l i d  angle  i s  simply R = 2 r ( l  - cos 0 )  and f o r  an f / 2  system 0 = 14 

degrees  o r  R = 0.188. 
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Ray t r a c i n g  a n a l y s i s  y i e l d s  a n  obscurat ion of 16 percent  and using 95 
percent  r e f l e c t a n c e  f o r  t h e  mi r ro r s  g ives  a t r ansmi t t ance  

T = 0.84(0.95)2 = 0.76 

t h e r e f o r e  

P1 = 8.1(0.76)0.1.9 = 1.17 watts 

The power i n c i d e n t  a t  t h e  i r r a d i a t i o n  t a r g e t  i s  

where 

P = r e f l e c t a n c e  of  su r face  1 

cos e12 and cos 6 are def ined  i n  Figure 4 21 

fi12 = angu la r  subtense o f  su r face  2 as seen from s u r f a c e  1 when it i s  

perpendicular  t o  t h e  l i n e  of s i g h t  from su r face  1 t o  2. 

Assuming nominal case  angles  o f  45 degrees and an average r e f l e c t a n c e  o f  

50 p e r c e n t ,  

P2 = 1.88 x l f 4 w a t t  

The Barnes 8-inch radiometer subtends an 8-mi l l i rad ian  f i e l d  of view, 

so t h a t  a 1-inch-diameter t a r g e t  f i l l s  t h e  f i e l d  a t  L = 125 inches.  The 

r a d i a n t  f l u x  c o l l e c t e d  by t h e  radiometer i s  
3 

-10 2 G3 = 2.11 x 10 watt/cm 

Th i s  f l u x  can be improved if both t a r g e t s  have r e f l e c t a n c e s  g r e a t e r  than  0.5,  

b u t  t h e  d i s c u s s i o n  below shows t h a t  d i f f u s e  t a r g e t  r e f l e c t a n c e s  o f  about 

- I  

- 8  

. 
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0.50 t o  0.70 a r e  reasonable  f o r  i n f r a r e d  app l i ca t ions .  

s e n s i t i v e  Ge:Zn d e t e c t o r  i n  t h e  Barnes 8-inch radiometer s e t  f o r  a 3- 

mi l l i s econd  response t ime (50-Hz system bandwidth) provides  an NEPD o f  

4 x 
locked t o  a Pr ince ton  Applied Research ampl i f ie r  with an equivalent  no i se  

bandwidth of  2 .5  x 
w a t t / c m  . 

Using a h ighly  

2 watt/cm . The radiometer may be modified so  t h a t  it can be phase- 
' 

-1 3 Hz t o  provide an o v e r a l l  or system NEPD o f  2 .8  x 10  
2 

The signal-to-noise r a t i o  f o r  t h e  system descr ibed above i s  

4 S/N = G~/NEPD = 7.5 i o  

The signal- to-noise  r a t i o  i s  increased by about fou r  orders  of  magni- 

t ude  above t h e  pre l iminary  r e s u l t  reported i n  Reference 5 ,  but f o r  longer  

working d i s t a n c e s ,  say 144 inches ,  t h e  diameter of t h e  source would have t o  

be reduced by a f a c t o r  of s l i g h t l y  more than 3 t o  keep i t s  image smal le r  t han  

t h e  1 inch-diameter t a r g e t ;  t h e  signal-to-noise r a t i o  w o d d  decrease t o  

5.6 x lo3. 
the signal- to-noise  would be c u t  d r a s t i c a l l y .  The s ignal- to-noise  a l s o  has  a 

d i r e c t  bea r ing  upon t h e  t i m e  required t o  ob ta in  a s i n g l e  d a t a  po in t ;  t y p i c a l l y ,  

an experimenter  would l i k e  t o  t a k e  da t a  poin ts  f a s t e r  than  once every 6 min- 

utes (5f = 2.5 x 

of one data po in t  every  4 seconds and giving a b a s i c  signal-to-noise of 7,500 

Furthermore, i f  t h e  two t a r g e t s  can not "see" each o the r  d i r e c t l y ,  

A more reasonable Af i s  0.25 Hz allowing a sample r a t e  

i n s t e a d  of 75,000. Another b e n e f i t  of t h i s  l a r g e  s ignal- to-noise  r a t i o  i s  t h e  

op t ion  t o  lower t h e  source temperature t o  e l imina te  s p e c t r a l  mismatch. For 

example, t h e  source temperature  could be lowered t o  500°C and with a Af of 

0.25 Hz s t i l l  have a s ignal- to-noise  r a t i o  of  750. 
one would be  approximating a '100"F spacecraf t  su r f ace  q u i t e  c lose ly .  

A t  t h i s  source temperature, 

E x c i t a t i o n  and Detect ion Targets  : 

Tfie concept of remote e x c i t a t i o n  and de tec t ion  i s  based on t h e  use of 

Thermal Fac tors  

d i f f ' u se ly  r e f l e c t i n g  t a r g e t s .  

dependence i n  t h a t  su r f aces  which appear t o  be d i f f u s e  r e f l e c t o r s  for v i s i b l e  

o r  s o l a r  r a d i a t i o n  may be s t rong ly  b i d i r e c t i o n a l  or even specular  t o  i n f r a r e d  

The property of  d i f fuseness  has a s p e c t r a l  

, 
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r a d i a t i o n .  Sur face  roughness appears t o  be one of t h e  key mechanical 

requirements f o r  a d i f f u s e l y  r e f l e c t i n g  su r face  i n  t h a t  t h e  r m s  a s p e r i t y  

should be of t h e  same magnitude as t h e  wavelength of i n c i d e n t  r a d i a n t  energy. 

Herold and Edwards (Reference 7 )  demonstrated t h e  v a l i d i t y  of d i f f u s e  

r e f l e c t i o n  of long-wave r a d i a t i o n  by t e s t i n g  s i x  d i f f e r e n t  rough su r faces .  

They presented  t h e  fol lowing summary: " . . .very  rough s i n t e r e d  bronze and g l a s s  

beaded s u r f a c e s  were q u i t e  d i f f u s i n g  t o  i n f r a r e d  r a d i a t i o n .  

s u r f a c e  showed h igh ly  b i d i r e c t i o n a l  behavior,  bu t  l i t t l e  s p e c u l a r i t y  i n  r e f l e c -  

t i o n  was found. The sandblas ted  aluminum specimen showed inc reas ing ly  

specu la r - l i ke  r e f l e c t i o n  a t  longer  wavelength . . . ' I  Three s i n t e r e d  bronze 

s u r f a c e s  were prepared from p a r t i c l e s  which had minimum t o  maximum diameters 

of 2.5 t o  12,  12 t o  25, and 25 t o  50 microns. The g l a s s  bead p r o j e c t i o n  

sc reen  had p a r t i c l e s  about 0 .1  mi l l ime te r  diameter and t h e  sc reen  w a s  woven 

from 51-micron s t r a n d s  on 260-micron cen te r s .  The aluminum was sandblas ted  

wi th  280 g r i t  a b r a s i v e ;  probably t h e  "smoothest" of t h e  s i x  specimens. The 

roughest  s i n t e r e d  specimen had a d i r e c t i o n a l  r e f l e c t a n c e  which varied from 

about 0.62 t o  0.90 i n  t h e  2.5 t o  7.5 micron waveband. The o t h e r  specimens 

had lower r e f l e c t a n c e s  wi th  t h e  sandblas ted  aluminum having t h e  lowest values 

of 0.50 t o  0.70 f o r  t h e  same waveband, Unpublished b i d i r e c t i o n a l  r e f l e c t a n c e  

d a t a  t aken  by TRW Systems f o r  NASA/MSC under Contract NAS9-5073 i n  September 

1966 show t h a t  sandblas ted  aluminum prepared wi th  36 g r i t  ab ras ive  i s  very ' 

diffuse i n  t h e  waveband 0.50 t o  22 microns. The magnitude of d i r e c t i o n a l  

r e f l e c t a n c e  is  t h e  same as t h e  range repor ted  i n  Reference 7 .  Both e x c i t a t i o n  

and d e t e c t i o n  t a r g e t s  should have high r e f l e c t a n c e s ,  bu t  t h e  magnitude need 

be known only f o r  t h e  i r r a d i a t i o n  t a r g e t  f o r  use as a d i v i s o r  t o  ob ta in  t h e  

i r r a d i a t i o n  t o  e x c i t a t i o n  r a t i o ,  Gk 

The wire-screen 

(i) 
lJok' 

Aluminized s i n t e r e d  bronze su r faces  made from p a r t i c l e s  i n  t h e  s i z e  

range 25 t o  50 microns a r e  recommended f o r  use as t a r g e t s  f o r  i n f r a r e d  ( thermal )  

r a d i a t i o n  in te rchange  measurements. 

A v a r i e t y  of techniques may be used t o  hold t h e  t a r g e t s  i n  p o s i t i o n  on 

a model. Double-backed, p re s su re - sens i t i ve  t a p e  i s  s u i t a b l e  f o r  most app l i -  

c a t i o n s .  I n  some instances,  t h e  r e f l e c t i v e  su r face  may be  bonded t o  a t h i n  

d i s k  magnet which can be he ld  i n  p l ace  by using a second magnet behind t h e  
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l o c a t i o n  of i n t e r e s t  on t h e  model. If ferromagnetic shee t  metal i s  used f o r  

model f a b r i c a t i o n ,  t h e  second magnet i s  not r equ i r ed .  

The s ize  of t h e  t a r g e t  i s  d i c t a t e d  by t h e  model s c a l e ,  t h e  a r e a  of a , 

nodal  su r face  on t h e  model, and t h e  minimum power r equ i r ed  t o  c r e a t e  a detec- 

t a b l e  s i g n a l .  It i s  apparent t h a t  a t a r g e t  should have an a r e a  which i s  much 

sma l l e r  than  t h e  a r e a  of a node so  t h a t  t h e  o p t i c a l  p r o p e r t i e s  of t h e  node 

are not  changed by t h e  i n t r o d u c t i o n  of t he  t a r g e t .  A t  t h e  same t ime,  an 

e x c i t a t i o n  t a r g e t  should be l a r g e  enough so t h a t  t h e  f l u x  r e f l e c t e d  from it 
c r e a t e s  a d e t e c t a b l e  s i g n a l  at t h e  i r r a d i a t i o n  t a r g e t .  The i r r a d i a t i o n  t a r g e t  

m a y  be  much smaller than  t h e  e x c i t a t i o n  t a r g e t  i n s o f a r  as a l l  t h a t  i s  r equ i r ed  

i s  an area which f i l l s  t h e  f i e l d  of view of t h e  d e t e c t i o n  instrument.  It 

should be observed t h a t  r e c i p r o c i t y  may be used t o  advantage i n  i n s t ances  

where a node i s  too  small t o  accommodate an e x c i t a t i o n  t a r g e t .  F i n a l l y ,  t h e  

t a r g e t  should be  s u f f i c i e n t l y  l a r g e  so t h a t  it can be handled without  d i f f i -  

c u l t y  by a t e c h n i c i a n  when moving it from one l o c a t i o n  t q  another .  

I n  cons ide ra t ion  of a l l  t h e  r e s t r a i n t s  on t a r g e t  s i z e ,  it i s  be l i eved  

t h a t  t h e  lcinimum s i z e  of an e x c i t a t i o n  t a r g e t  should be  0.5 inch  diameter and 

f o r  an i r r a d i a t i o n  t a r g e t ,  0.25 inch  diameter. If t h e s e  t a r g e t s  are too  l a r g e  

f o r  a complete s c a l e  model, it may be necessary t o  use p a r t i a l  models of a 

l a r g e r  s c a l e  i n  which only s e l e c t e d  nodes are reproduced. 

Spectral Considerat ions 

The experimental  procedure descr ibed above f o r  measuring thermal  i n t e r -  

change f a c t o r s  relies on t h e  use  of an i n f r a r e d  beam of moderately high power 

d e n s i t y  (approximately 13 watts/cm ) .  A commercially a v a i l a b l e  blackbody 

source  which i s  capable of provid ing  t h i s  f l u x  ope ra t e s  a t  a temperature of 

llOO°C (2012'F). The Planckian d i s t r i b u t i o n  of t h i s  blackbody source shows 

a peak at 2.11 microns and 98 'pe rcen t  o f t h e  energy l i e s  i n  t h e  1 t o  16 micron 

waveband. This d i s t r i b u t i o n  of r a d i a n t  energy does not correspond t o  t h e  

2 

thermal"  waveband used t o  measure s p e c t r a l  and t o t a l  emi t tance .  The thermal  11 

waveband spans t h e  1 t o  30 micron i n t e r v a l  and t h e  s p e c t r a l  energy d i s t r i b u -  

t i o n  may b e  taken  as t h a t  of a blackbody a t  about 100°F with a peak at 
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9 . 3  microns and 90 percent  of t h e  energy i n  t h e  4.6 t o  32 micron i n t e r v a l .  

The Planckian curves a r e  shown i n  Figure 6. 
s p e c t r a l  mismatch, it i s  necessary t o  examine t h e  magnitude of e r r o r s  which 

may arise when t e s t i n g  nongray sur faces  such as white pa in t s  (a* = 0 .2 ,  

I n  cons idera t ion  of t h i s  apparent 

c =: 0.9). 

The s p e c t r a l  ana lys i s  starts with t h e  expression f o r  s p e c t r a l  n e t  f l u  

of an a r b i t r a r y  s u r f a c e  i n  an enclosure containing N nodal su r f aces  

‘ N  

j =1 

gkj ( A )  i s  t h e  s p e c t r a l  r ad ian t  interchange f a c t o r  (dimensionless) and Ji$h,Tk) , 
E (X,T ) are s p e c t r a l  blackbody emissive f luxes .  

between two s u r f a c e s ,  \ and Ai, i s  

The ne t  s p e c t r a l  exchange 
J j  

I 

The t o t a l  ne t  flux is obtained by i n t e g r a t i n g  o v e r a l l  wavelengths, 

co 

qki(x) d h , power/unit a rea  ‘ki = 

The t o t a l  r ad ian t  in te rchange  f a c t o r  i s  then  

(26)  
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where 

It i s  necessary t o  s p e c i f y  t h e  temperatures T and T .  i n  order  t o  k 1 

r e p r e s e n t s  t h e  weight ing func t ion  requi red  t o  de f ine  an average value of 9 k i  
appropr i a t e  t o  t h e  Stefan-Boltzmann d i f f e rence  , ( vTk 4 - uTi 4 ). According t o  

Wiens' Law,the blackbody f l u x  peak occurs a t  

I T = 5216p-OR 

~ 

.however, it can be  shown t h a t  t h e  peak of t h e  Planckian d i f f e r e n c e  i s  s h i f t e d  t o  

a s h o r t e r  wavelength. I n  t h e  l i m i t  Tk--T t h e  Planckian d i f f e r e n c e  peaks at i '  

For purposes  of comparison, when T = 560°R, 
t 

hmax = 9.314 microns 

= 7.746 microns A k X  

The s p e c t r a l  d i s t r i b u t i o n  of t h e  Planckian d i f f e r e n c e  (Ek - Ei)  t ends  t o  

resemble a blackbody s p e c t r a l  d i s t r i b u t i o n  at t h e  h igher  temperature  T , .  I n  
.I. 

cons ide ra t ion  of t h i s  s h i f t ,  and as  a convenience t o  computation, it w i l l  be 

assumed t h a t  Equation 27 may be approximated as 

JO 
4 

Q Ti 
9 =  

k i  
Ti > Tk 
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In t h i s  form, t h e  thermal  r a d i a n t  interchange f a c t o r  i s  def ined  i n  a manner 

analogous t o  thermal  emit tance:  

Before proceeding, it should be noted t h a t  neglec t ing  t h e  u l t r a v i o l e t  s h i f t  

may in t roduce  e r r o r s  i n  t h e  conventional computation of r a d i a n t  interchange 

f a c t o r s  i f  e i t h e r  s u r f a c e  A 

tame in t h e  immediate v i c i n i t y  of  t h e  peak i n  (5 - Ei ) .  

examination of  t h e  u l t r a v i o l e t  s h i f t  i s  beyond t h e  scope of t h e  p re sen t  s tudy.  

o r  A .  has a pronounced change of  s p e c t r a l  r e f l e c -  k 1 

A more d e t a i l e d  

The last  step i n  prepar ing  an a n a l y t i c a l  r e l a t i o n s h i p  between t o t a l  and 

s p e c t r a l  r a d i a n t  interchange f a c t o r s  r equ i r e s  e luc ida t ioq  of 9 . ( A ) .  

ana lys i s  o f  Sec t ion  2.0 shows t h a t  i n  an  enclosure of diffuse-plus-specular  

ref l e  ct or s 

The k i  

where pki(X) i s  t h e  s p e c t r a l  i n t e r r e f l e c t i o n  ke rne l  r e l a t i n g  % and A. i n  

terms of enclosure  geometry and su r face  p r o p e r t i e s .  

be combined t o  y i e l d  

1 
Equations 27a and 29 may 

Equation 30 i s  taken  t o  r ep resen t  t h e  i d e a l  or  " t rue"  value of t h e  thermal  

raOiant in te rchange  f a c t o r  and w i l l  se rve  as a base of comparison i n  t h i s  spec- 

t r a l  a n a l y s i s .  

Geomtry and t h e  s p e c t r a l  b i d i r e c t i o n a l  r e f l ec t ances  of an enc losure .  

The i n t e r r e f l e c t i o n  k e r n e l ,  f3 ( h )  , i s  a func t ion  of both k i  
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The algorithm for obtaining the total interchange factor by empirical 

means is 

where the total hemispherical emittances 7 
total hemispherical fluxes J 

parameters may be expressed in terms of their spectral precedents as 

and 7 are assumed known and the 
N k i 

and E(i) must be measured. These four total oi k 

The empirical method requires exciting only the Ai node with a known flux, 
(i 1 N 

k ’  and measuring the flux incident at to obtain G Joi 3 !k 

Equations 31 and 32 apply to the case of a noise-free environment. In 

the presence of stray radiation, Equation 31 becones 



(33) 

N 

The r a d i o s i t y  Ji inc ludes  s i g n a l  p l u s  no i se  measured from a t a r g e t  i n  an 

i s o l a t e d  l o c a t i o n  (not  on t h e  spacec ra f t  model) and c 

The i r r a d i a t i o n  E 
caused by surroundings a t  a temperature  T . 
done by chopping t h e  s i g n a l  or making a measurement f i r s t  of s i g n a l  p lus  no i se  

and second no i se  a lone ,  or suppress ing  t h e  noise  ( T  - Oo). 
s tudy ,  t h e  no i se  i s  e l imina ted  by chopping t h e  s i g n a l  so t h a t  t h e  radiometer  

d e t e c t s  only Si and ELi), bo th  of which a re  t o t a l  r a t h e r  than  s p e c t r a l  f l uxes .  

As a r e s u l t ,  it i s  not necessary t o  consider t h e  s p e c t r a l  cha rac t e r  of t h e  

noise .  

i s  t h e  t a r g e t  emittance.  t 
i s  measured on t h e  model and inc ludes  t h e  s i g n a l  p lus  noise  k 

The c o r r e c t i o n  f o r  no i se  may be 
n .  

I n  t h e  present  n 

The e x c i t a t i o n  f l u x  which a radiometer d e t e c t s  is  inf luenced  by t h e  

s p e c t r a l  r e f l e c t a n c e  of a t a r g e t ,  P t ( A ) ,  and t h e  s p e c t r a l  response of t h e  

o p t i c s  and t h e  d e t e c t o r ,  R ( A ) .  

beam of r a d i a n t  energy with a s p e c t r a l  d i s t r i b u t i o n  E (X,T ) corresponding t o  

a blackbody source  at a temperature  Ts.  

32c be expressed as 

The e x c i t a t i o n  i s  provided by a coll imated 

S S 
These f a c t o r s  r e q u i r e  t h a t  Equation 

I n  t h e  manner of Reference 1, it i s  convenient t o  in t roduce  an apparent source 

spectrum 

and apparent  source  f l u x  

J 0 
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The d i scuss ion  and ana lys i s  of Sect ion 2.0 shows t h a t  t h e  i r r a d i a t i o n  

measured from a second d i f fuse  t a r g e t  with a s p e c t r a l  r e f l e c t a n c e  i s  r e l a t e d  

t o  t h e  e x c i t a t i o n  by t h e  expression 

I 

where pki(X) is t h e  s p e c t r a l  i n t e r r e f l e c t i o n  kerne l .  

experimental  in te rchange  ke rne l s  are r e l a t e d  as 

The a n a l y t i c a l  and 

Combining Equations 35 and 36 i n t o  Equation 32d g ives  

The f i n a l  express ion  f o r  an experimental ly  determined t o t a l  thermal  r a d i a n t  

in te rchange  f a c t o r  i s  found from Equations 31, 34 and 37 as 

Equat ion 38 must be compared with Equation 30 t o  ob ta in  i n s i g h t  t o  any poten- 

t i a l  s p e c t r a l  shortcomings of  t h e  experimental  procedure.  
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It is necessary to specify both surface properties and geometry in order 

to proceed with the spectral analysis. 

reflecting surfaces is examined here in order to use available spectral reflec- 

tance data and to avoid computational complications inherent in bidirectional 

interreflection data. 

tional convenience. 

An enclosure of diffuse-plus-specular 

A three nodal surface enclosure is postulated for addi- 
This simple model leads to interreflection kernels 

Equation 41 is introduced in Equations 30 and 38 to obtain 

All of the reflectances pd and exchange factors r+ 

but the functional notation is omitted for convenience. 

the term Y in the denominator is less than unity and for most spacecraft 
geometries Y << 1 so that to a good approximation 

have a spectral dependence, J Jm 
In all circumstances, 

2 

t 

- I  i 
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and 

Equations 42 and 43 provide a g rea t  deal of  i n s i g h t  t o  p o t e n t i a l  sources  

o f  s p e c t r a l  mismatch between computed measured values of thermal  interchange 

f a c t o r s .  One observa t ion  which should be made i s  t h a t  t h e  apparent s p e c t r a l  

d i s t r i b u t i o n  of t h e  beam, S(A), does not  in f luence  t h e  emit tances  7 and f2 ;  

t h e  inf luence  i s  r e s t r i c t e d  t o  t h e  i n t e r r e f l e c t i o n  terms only.  Another obser- 

v a t i o n  which should be made i s  t h a t  Equation 42 does not  correspond t o  t h e  

u s u a l  engineer ing  formulation f o r  t h e  thermal r a d i a n t  in te rchange  f a c t o r ;  t h e  

engineer ing  formulation would be 

N 

1 

where t h e  t i l d e  denotes t h a t  su r f ace  p rope r t i e s  are def ined  i n  t h e  manner of  

Equations 32a and 32b. 

Add i t iona l  i n s i g h t  r e q u i r e s  f u r t h e r  r e s t r i c t i o n  and s p e c i f i c a t i o n  of t h e  

s u r f a c e  p r o p e r t i e s  i n  o rde r  t o  ob ta in  numerical r e s u l t s .  On t h e  one hand, it 

may be assumed t h a t  a l l  su r faces  are pure ly  specular s o  t h a t  t h e  i n t e r r e f l e c -  

t i o n  k e r n e l  i s  

4 - 3 3  
% 



On t h e  o the r  hand, i f  a l l  su r f aces  are assumed t o  be plane and d i f f u s e  

I n  both i n s t a n c e s ,  t h e  nominal s p e c t r a l  dependence of t h e  i n t e r r e f l e c t i o n  

k e r n e l  i s  coupled wi th  a geometr ical  f a c t o r .  I n s o f a r  as both F 

F13F32 are less  than  u n i t y ,  t h e r e  are many ins t ances  i n  which t h e  s p e c t r a l  

dependence of  / 3 / p  i s  very s l i g h t .  The s i n g l e  (bu t  no t  uncommon) in s t ance  i n  

which a s t r o n g  s p e c t r a l  dependence may e x i s t  i s  when 

12(3)  and 

F12(3) ” F12 

o r  

F13 F32 ” F12 

For t h e  sake of d i scuss ion ,  Equation 45 w i l l  be used f o r  t h e  remaining 

a n a l y s i s ;  t h a t  i s ,  t h e  comparison of interchange f a c t o r s  w i l l  be made i n  terms 

of t h e  fo l lowing  express ions :  
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Meaningful q u a n t i t a t i v e  r e s u l t s  may b e  obtained by spec i fy ing  t h e  s p e c t r a l  

p rope r t i e s  of t h e  t a r g e t  r e f l e c t a n c e ,  p,, and A1, A 2 ,  A3. 

f e a s i b i l i t y  s tudy r epor t ed  above shows t h a t  t h e  t a r g e t  r e f l e c t a n c e  should be  

h i g h . ( P t -  1) and d i f f u s e .  

num (coarse  g r i t )  or aluminized s i n t e r e d  metal  specimens (Reference 7 )  may be  

s u i t a b l e  t a r g e t s .  S p e c t r a l  da t a  f o r  a v a r i e t y  of aluminum su r face  f i n i s h e s  

(Reference 8)  i n d i c a t e  t h a t  t h e r e  r e f l ec t ance  i s  both high ( P  

s t a n t  (g ray )  for  wavelengths i n  t h e  region of concern 1 . 0  < X < 30 p .  

The equipment 

It w i l l  b e  assumed t h a t  e i t h e r  sandblas ted  alumi- ' 

> 0.7) and con- t 
This 

last  observa t ion  o f  aluminum grayness w i l l  be used t o  e l imina te  P 
t i o n  48. 

from Equa- t 

A v a r i e t y  of thermal  c o n t r o l  sur face  f i n i s h e s  e x h i b i t  a s t r o n g  v a r i a t i o n  

i n  t h e  near  i n f r a r e d  waveband, 1 . 0  < h < 1 0  p, t h e s e  inc lude  white  p a i n t ,  

second s u r f a c e  mi r ro r s  ( inc lud ing  meta l l ized  p l a s t i c  films) , and oxidized 

metals. An inorganic  whi te  p a i n t  developed a t  Hughes A i r c r a f t  Company has  a 

change i n  s p e c t r a l  r e f l e c t a n c e  from P A =  0.85 a t  X = 1.0~ t o  P A  = 0.11 a t  

A = 5.0 p. In cons idera t ion  of  t h e  a v a i l a b i l i t y  of s p e c t r a l  data f o r  t h i s  

whi te  p a i n t  as w e l l  as i t s  dramatic  change i n  r e f l e c t a n c e  i n  t h e  s p e c t r a l  

region of i n t e r e s t ,  a11 of t h e  s u r f a c e  p rope r t i e s  appearing i n  Equations 47, 
48, and 49 were taken as t h o s e  of Hughes inorganic  white  p a i n t .  

f o r  t h i s  whi te  p a i n t  are shown i n  Figure 9. 
S p e c t r a l  d a t a  

The spectral  response of a de tec t ion  system, R ( X ) ,  depends on s e v e r a l  

components w i th in  t h e  system. An i d e a l  r a d i a t i o n  d e t e c t i o n  instrument  f o r  

thermal  des ign  measurements would have a f l a t  response,  R ( h )  = 1 .0 ,  f o r  a l l  

wavelengths;  most real  i n f r a r e d  de tec t ion  instruments  have a response which 

approaches zero  a t  e i t h e r  end of  a f i n i t e  waveband. For example, a Ge:Cd 

d e t e c t o r  ope ra t ing  a t  20°K has a u s e f u l  range of about 1 . 0  t o  26 p with  a 

maximum d e t e c t i v i t y  at  about 12  p which is  approximately 2 o rde r s  of  magnitude 

larger t h a n  a t  e i t h e r  end o f ' t h e  range (Reference 9 ) .  

bolometer has  a u s e f u l  waveband which s t a r t s  a t  about 2 p w i t h  a d e t e c t i v i t y  

wh'ich i s  r e l a t i v e l y  cons t an t  from about 4 t o  16 p. 

by a f a c t o r  of 5 between 2 and 4p. 

i s  not  a v a i l a b l e  i n  Reference 9 . )  
decreased by o the r  components i n  a de tec t ion  system and con t r ibu te  t o  t h e  

An immersed the rmis to r  

The d e t e c t i v i t y  inc reases  

(The upper l i m i t  of  t h e  u s e f u l  waveband 

The usefu l  waveband of any d e t e c t o r  may b e  
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s p e c t r a l  response of t h e  system. Notwithstanding o the r  poss ib l e  s p e c t r a l  

i n f luences ,  it i s  reasonable  t o  assume t h a t  t h e  apparent source spectrum, 

S ( h ) ,  of  an l l O O ° C  blackbody viewed by a Ge:Cd de tec to r  would approximate a 

blackbody a t  a temperature i n  t h e  range 0 t o  -50°F, while t h e  use of a 

t h e r m i s t e r  bolemeter would resemble a blackbody of temperature about 120O0F. 

These cons idera t ions  suggest t h a t  it i s  conservat ive t o  use R ( h )  = 1 .0  f o r  t h e  

p re sen t  comparison and t o  assume a use fu l  de t ec t ion  waveband 1 .0  < X < 24 f o r  

t h e  numerical  r e s u l t s  which follow. 

The s p e c t r a l  ana lys i s  f o r  white pa in t  was completed wi th in  t h e  frame- 

work of  assumptions descr ibed above by performing a graphica l  i n t e g r a t i o n  of 

t h e  s e v e r a l  terms i n  Equations 47 and 48. 
are shown i n  Figure 9 .  
E = E  = 1 - P 3 -  - 0.927. The numerical r e s u l t s  are presented below: 

The curves used i n  t h e  i n t e g r a t i o n  

The engineer ing formulation of Equation 49 i s  based on 

1 2  

I n t e g r a t i o n  f a c t o r  (Equation 4 7 ) :  g12 = 0.87 (F12 + 0.07 F12(3) 1 

Although t h e s e  r e s u l t s  were obtained for an enclosure of specular su r faces  

t h e y  i n d i c a t e  t h e  magnitude of p o t e n t i a l  s p e c t r a l  mismatch f o r  a f u l l y  d i f f u s e  

enc losure  as w e l l ;  however, , f o r  a three-sur face  d i f f u s e  enc losure ,  t h e  geo- 

1 2 ( 3 ) '  m e t r i c a l  f a c t o r  i s  F 13 F32 i n s t e a d  of F 

Discussion 

The comparison of t o t a l  or i n t eg ra t ed  f a c t o r s  with measurable and engi- 

neer ing  f a c t o r s  shows, f i r s t ,  good agreement between in t eg ra t ed  and engineer- 

i n g  f a c t o r s  and, second, t h e  s t rong  geometr ical  dependence of p o t e n t i a l  

s p e c t r a l  mismatch between t o t a l  and measurable f a c t o r s .  The mismatch a r i s e s  

because a blackbody a t  l l O O ° C  (2012'F) i s  used t o  s imulate  blackbody emission 

a t  room temperature .  

only i n  t h e  presence of su r faces  which undergo a l a r g e  change i n  s p e c t r a l  

r e f l e c t a n c e  i n  t h e  waveband 1 . 0  < X < 7.0 microns and then  only i f  geometr ical  

r e l a t i o n s h i p s  permit .  

The mismatch i s  termed "po ten t i a l "  because it occurs  
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The numerical r e s u l t s  f o r  Hughes inorganic  white p a i n t  a r e  conserva t ive  

because of  t h e  assumption R ( X )  = 1.0 .  

used, t h e  apparent source spectrum would reach i t s  peak a t  about 3.1 p and 

have very l i t t l e  i n t e n s i t y  f o r  A < 2.0 p. The s p e c t r a l  r e f l e c t a n c e  of  Hughes 

inorganic  white p a i n t  shows a l a r g e  decrease between 1 . 0  and 3.0 p so t h a t  t h e  

measured apparent t o t a l  r e f l e c t a n c e  would be c l o s e r  t o  0.14 than t h e  va lue  

0.29 quoted above. 

mismatch, it m i t i g a t e s  t h e  mismatch t o  a l a r g e  e x t e n t .  

i n t e n s i t y  from about 2 . 1 t o  3.1 p would not c o r r e c t  t h e  p o t e n t i a l  mismatch of 

o ther  su r face  f i n i s h e s  such as second sur face  mir rors  which have r e s t r a h l e n  

bands i n  t h e  i n t e r v a l  3.0 t o  10  p. 

t u r e  source and a bandpass f i l t e r  could s h i f t  t h e  peak i n t e n s i t y  t o  even h igher  

wavelengths and e l imina te  t h e  p o t e n t i a l  s p e c t r a l  mismatch 

I f  a t he rmis to r  bolometer response were 

Although such a decrease does not e l imina te  t h e  p o t e n t i a l  

The s h i f t  of peak 

The Ge:Zn response with a lower tempera- 

A CO l a s e r  opera t ing  a t  about 10.6 p may be used t o  d e t e c t  and perhaps 2 
c o r r e c t  s p e c t r a l  mismatch. 

independent measurements, one using an llOO°C blackbody source,  t h e  o the r  

using a CO laser. If t h e  two measurements y i e l d  comparable va lues ,  then  t h e  

p r o b a b i l i t y  of a mismatch i s  small. 

t hen  a d d i t i o n a l  laser measurements may be requi red  at o the r  wavelengths t o  

The de tec t ion  may be  accomplished by making two 

2 
I f  t h e  two measured values  are d i s s i m i l a r ,  

Gk ( i  1 /Joi- ob ta in  a more complete s p e c t r a l  sample of t he  i n t e r r e f l e c t i o n  term, 

H20 lasers ope ra t ing  a t  both 18 and 28 p a r e  a v a i l a b l e  f o r  t h i s  a p p l i c a t i o n  

and lasers have been f a b r i c a t e d  t o  opera te  a t  118 p ( H  0 )  and 338 p ( H C N ) ,  

a l so .  

as 

.2 
An acceptab le  mean value of  t h e  i n t e r r e f l e c t i o n  term could be computed 

r- -. 

2 j =1 
a J 

J PJ o i  
. 

where t h e  s p e c t r a l  weighting f a c t o r s  a 

power a s s o c i a t e d  wi th  a f i n i t e  waveband. 

a r e  r e l a t e d  t o  t h e  blackbody emissive J 
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Conclusions 

The ana lys i s  of  s p e c t r a l  i n t e r r e f l e c t i o n  phenomena has d i sc losed  t h e  

ex is tence  of a p o t e n t i a l  s p e c t r a l  mismatch a r i s i n g  from t h e  use of a blackbody, 

source opera t ing  a t  l l O O ° C  t o  s imulate  blackbody emission a t  room temperature .  

The mismatch w i l l  occur only when two condi t ions a r e  s a t i s f i e d :  1) s t rong ly  

nongray sur faces  a r e  included i n  an enclosure,  and 2)  t h e  r a d i a t i v e  coupling 

between two nodal su r f aces ,  A .  and A 

gray su r face  A r a t h e r  than  a d i r e c t  view between A .  and A Tenta t ive  c r i -  

t e r i a  f o r  t h e  ex i s t ence  of  a mismatch a r e  

i s  dominated by r e f l e c t i o n  from a non- 
1 k’ 

W 1 k’ 

where p *  and pw are convent ional  s o l a r  and thermal  r e f l ec t ances  and 

j = 1, 2, * * a ,  m enumerate t h e  nongray sur faces  i n  t h e  enclosure.  
W 

The use  of  a blackbody. source a t  llOO°C i s  bel ieved t o  be  acceptab le  f o r  

most spacec ra f t  a p p l i c a t i o n s ,  bu t  an exploratory experimental  s tudy  i s  

r equ i r ed  t o  e s t a b l i s h  t h e  importance of  a p o t e n t i a l  s p e c t r a l  mismatch. 

such a s tudy  shows t h a t  a se r ious  loss  of accuracy a r i s e s  from t h e  use  6f a 

high temperature  blackbody source ,  +,he s i t u a t i o n  may be cor rec ted  by making 

a d d i t i o n a l  measurements with two o r  t h r e e  i n f r a r e d  l a s e r s .  

If 

Interchange Without Di rec t  V i e w :  Fki = 0 

A p o s s i b i l i t y  e x i s t s  i n  which r a d i a t i v e  interchange occurs between two 

su r faces  which do not  have a d i r e c t  view of each o the r ;  t h a t  i s  Fki = 0 .  

t h i s  ca se ,  t h e  r a d i a t i v e  exchange occurs by v i r t u e  of r e f l e c t i o n  from o the r  

s u r f a c e s ;  a simple i l l u s t r a t i o n  of such a geometry is shown i n  Figure 10. 

For 
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Detection target ,, &Ad 
f 
dAe Excitation target, 

# A W 

Fig. 10. Nodes xi and & are coplanar, Fki = 0; radiant interchange 
occurs by reflection at k so that gki # 0. W 

If the area is a diffuse reflector, the excitation signal incident at the 
detection target nay be too low to provide an adequate signal-to-noise ratio 

W 

when using off-the-shelf equipment. Under these circumstances, it will be 

necessary to either modify the experimental procedure or the equipment in 
order to obtain the flux data, Gk 

/Joi. 
a modified algorithm by considering an enclosure containing N diffuse-plus- 

"(i) - The analysis which follows develops 

specular reflecting nodal areas. 

The irradiation of a surface Zk is 

j =1 

while the radiosity is known to be expressed in terms of the excitation and 

. an interchange kernel 

w=l 

- 
It.was shown in Section 2.0 that when only one surface, Ai, is excited,then 
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where 6 is the Kronecker delta. Combining Equations 50 and 52 yields 
ji 

The flux ratios (Gji)/Joi) are measured quantities while the exchange factors , 
%J, and reflectances pd are presumed known. 
for analytical completeness, but in an application of local-to-local excita- 

tion and detection,it would not be part of this algorithm because the excita- 
tion and irradiation targets do not coincide. 

The Kronecker delta is included 
, J 

. The formulation is similar for'an enclosure of bidirectional reflecting 

surfaces : 

N must be used instead 'jk' The apparent hemispherical-directional reflectance, 
of the hemispherical reflectance which appears in Equation 52. 

tional result follows from the analysis of Section 2.0 by observing the follow- 

ing relationships: 

The bidirec- 

j =1 
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i s  not  t h e  same as t h e  pkw Ord ina r i ly  t h e  d i r e c t i o n a l  r e f l e c t a n c e ,  

apparent  hemispher ica l -d i rec t iona l  r e f l ec t ance ,  - * 
'kw ' 

g r j k w  j =1 a j k  Fkj  
- - N 

'kw N Apparent d i r e c t i o n a l  r e f l e c t a n c e  : 
n 

gjk  Fkj 
j=1 

N 
D i r e c t i o n a l  hemispherical  r e f l e c t a n c e :  pkw = zrjkw Fkj 

j =1 
( 5 9 )  

The d i rec t iona l -hemispher ica l  r e f l e c t a n c e  p i s  a su r face  proper ty  kw 
which i s  e a s i l y  measured while  

p r o p e r t i e s  and geometry. The e r r o r  i n  using p i n  p lace  o f F  i s  be l ieved  

t o  be small and i s  j u s t i f i e d  i n  t h e  i n t e r e s t  of  experimental  convenience. 

must be computed i n  terms of b i d i r e c t i o n a l  kw 

kw kw 

Radiat ion Loss t o  Space 

A r a d i a t i o n  h e a t  ba lance  on an e x t e r n a l  nodal area of a spacec ra f t  

r e q u i r e s  account ing f o r  hea t  loss  t o  space as w e l l  as t h e  exchange between 

p a i r s  of  s u r f a c e s .  The experimental  procedures developed above do no t  lend  

themselves t o  a case  i n  which t h e  "space node" i s  d i s t r i b u t e d  i n  s e v e r a l  geo- 

metric l o c a t i o n s .  This  case  i s  shown schematical ly  i n  Figure 11. 

F igure  11. Hypothet ical  Enclosure i n  Which Nodal Area f o r  
Space Occupies Mult iple  Locations 
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This case is both common and important so that it is necessary to find the 

thermal coupling term, gkaspace in order to make the experimental procedure 
fully effective. 

Despite the difficulty of measuring the flux ratio implicit in g k , space ’ 
The it is possible to obtain the space coupling term from other measurements. 

analysis which follows is based on an enclosure of N nodal areas and space 
which is designated as the ( N + 1 )  node. 

may be expressed as 

The net gray heat flux at the kth node 

E ’  k 
‘k,net = J k -  ‘k = -  Pk (Ek - Jk) 

which leads to the results 

k 
N+1 

c’ki = pk 
i=l 

E 

i = 1, 2, 0 . -  , N+1 

Alternately, the net heat flux may be written as 

which leads to the result 

. N+1 

z’ki = ‘k 
i=l ~ 

9 = f  
ki k ‘i 

j =1 

i = 1, 2, , N + 1  
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Equations 62 and 65  g ive  i d e n t i c a l  r e s u l t s  with t h e  s i n g l e  except ion for 

i = k ;  i n  t h i s  i n s t ance ,  it may be e s t ab l i shed  t h a t  

2 
k 

'kk = 'kk - pk 
E 

(Eq. 65) ( E q .  62) 

. 

The pki and pji terms i n  Equat ions.62 and 65 would be  rep laced  by appropr i a t e  

flux r a t i o s  when t h e  experimental  a lgori thm i s  invoked ( c f .  Equation 65 above 

and Equation 5 4 ) .  

E i t h e r  Equation 61 or 64 may b e  used t o  f i n d  t h e  r a d i a n t  interchange 

*N+1: f a c t o r  from Ak t o  space,  

N 
E 

From Equation 61: 9k,N+1 = 2 
i=l 'k 

N 
From Equation 64: 9k,N+1 = Ek -ZYki 

i=l 

Equations 67 and 68 w i l l  y i e l d  i d e n t i c a l  r e s u l t s  only when t h e  proper va lue  

o fYkk  is  used i n  each case .  When Equation 67 is  used,  t h e  measured i n t e r -  

change f a c t o r s  are found as 

i # k  

i = k  
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When Equation 68 is used,EF is given by Equation 69, while ki 

i = k  

(k Ordinarily , Gk /Jok will be the parameter measure1 for t..erma factors 

The mea- when the excitation target is different from the irradiation target. 

(k)/Jok only when the two targets coincide as in the k surements will yield J 

case of solar factor measurements which requires only an irradiation target. 

With the use of Equations 67, 69 and 70 or 68, 69 and 71, there is no 
difficulty in evaluating the space coupling term from experimental measurements. 

Comparable expressions result from real surface enclosures. That is, 
the use of hemispherical fluxes yield the following analogy to Equations 60, 
61, 69 and 70: 

N N 

= Jk - Gk ‘k ,net 

whereby 

N 

k 
x’ki = 5 

E 
N+1 

i=l 

- - -(i) 
k ‘i Jk 

t 
- --- 

oi ’ki ‘k ? 

= Pk Gk - -(i) k # i  

k = l  

(73 1 

(74 1 

(75 

(76) 

4-45 
P 



. 

Figure 12. Schematic Representation of Setup for Experimental 
Determination of Radiant Interchange Factors 

. 
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The real su r face  analogy t o  Equations 63, 64,  69 and 71 i s  obtained by 

employing a t i l d e  over  any given parameter t o  des igna te  a hemispherical  va lue .  

4 . 3  SOLAR FACTORS IMPLEMENTATION 

The a n a l y s i s  of Sec t ion  4 . 1  app l i e s  equal ly  w e l l  f o r  t h e  measurement of  - 
s o l a r  in te rchange  f a c t o r s  with one important except ion:  

must be exc i t ed  r a t h e r  than  a d i f f u s e l y  r e f l e c t i n g  t a r g e t ,  & A i , .  

f o r  t h i s  i s  t h a t  s o l a r  e x c i t a t i o n  i s  s t rong ly  dependent upon inc iden t  and 

emergent d i r e c t i o n s  un l ike  thermal  e x c i t a t i o n  which tends  t o  be d i f f u s e .  The 

solar in te rchange  measurements may be c a r r i e d  out  on a loca l - to- loca l  b a s i s ,  

bu t  it appears  t o  be  more convenient and accura te  t o  use  f u l l  su r f ace  exc i ta -  

t i o n  as shown i n  Figure 12. 

t h e  real  su r face ,  A i ,  

The reason 

The f e a s i b i l i t y  and accuracy of s o l a r  interchange measurements w a s  

e s t a b l i s h e d  i n  Reference 1. 

i n g  t h e  procedure and t h e  equipment. 

b i l i t y  can be obta ined  by br inging  t h e  measurements indoors  and us ing  an 

a r t i f i c i a l  l i g h t  source  i n s t e a d  of t h e  sun. 

a v a i l a b i l i t y  o f  equipment (sources  and sensors )  i s  r epor t ed  below. 

The only problems which remain r e l a t e  t o  optimiz- 

For example, g r e a t e r  ope ra t iona l  f l e x i -  

A b r i e f  i n v e s t i g a t i o n  of  t h e  

An outgrowth o f  t h e  1 R . f e a s i b i l i t y  s tudy has been t h e  r e a l i z a t i o n  t h a t  

t h e  u s e  o f  a source  chopper wi th  a lock-in ampl i f i e r  may be  adapted t o  s o l a r  

in te rchange  measurements as w e l l .  It appears t h a t  Barnes 8-inch radiometer 

and t h e  PAR lock-in ampl i f i e r  may be used f o r  bo th  I R  and s o l a r  measurements. 

S o l a r  measurements would r e q u i r e  t h e  use of  a l i g h t  source  having s o l a r  spec- 

t r a l  p r o p e r t i e s  and t h e  s u b s t i t u t i o n  of a d i f f e r e n t  d e t e c t o r  i n  p l ace  of t h e  

in te rchangeable  Ge:Zn package. 

S o l a r  F a c t o r s  

Source 

The source  would be a Varian Associates  xenon i l l umina to r  which conta ins  

b u i l t - i n  " t r a n s f e r  o p t i c s . "  

ang le  a t  a working d i s t a n c e  of 100 inches, it w i l l  i l l u m i n a t e  a '3 .4- inch c i r c l e  

w i th  1 w a t t  of energy (F igure  13 ) .  

With t h i s  source stopped down t o  a 2-degree beam 
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OUTPUT AT 150 WATTS 

,e 

Figure 13. Beam D i s t r i b u t i o n  and Tota l  Radiant Flux 

. 
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I Detector  

The only o t h e r  change would be t o  exchange a PbS d e t e c t o r  f o r  t h e  Ge:Zn 

used f o r  I R  measurements. The PbS'detector  has  an NEPD when used w i t h  t h e  

xenon lamp of approximately 7 x 
i n  Figure 1 2  and assuming t h e  second su r face  w a s  only 1 inch  i n  diameter 

approximately t h e  same PD would be obtained. That i s  

2 watt/cm . Assuming t h e  same geometry as' 

PD = 2 x 

o r  a s ignal- to-noise  = 285 f o r  a Af  of 50 Hz or  f o r  t h e  case  of Af = 0.25 Hz, 
t hen  t h e  

S/N = 4000 

Again t h i s  a l lows  s u f f i c i e n t  l a t i t u d e  f o r  r a d i c a l l y  d i f f e r e n t  geometries and/or 

working d i s t ances .  

A l t e r n a t e l y ,  t h e  Spec t r a  P r i t c h a r d  Model 1970-PR photometer used i n  Ref- 

erence 1 may be used f o r  s o l a r  f a c t o r  measurements. The off- the-shelf  

Model 1970-PR uses  an S-11 photomul t ip l ie r  t ube  as t h e  d e t e c t o r ,  bu t  a b e t t e r  

s p e c t r a l  match can be obtained by s u b s t i t u t i n g  e i t h e r  S-1 or S-14 photomulti- 

p l i e r  t ubes .  

s t a n t  source  t o  o b t a i n  s ignal-plus-noise  data and sepa ra t e  measurements may be 

taken  t o  ob ta in  no i se  a lone  (Reference 1). 

t h e  photometer may be phase-locked t o  t h e  PAR ampl i f i e r  t o  ob ta in  s i g n a l  d a t a  

wi th  a s i n g l e  measurement. 

The photometer may be  used with a d i g i t a l  vol tmeter  and a con- 

If a source chopper is employed, 

S o l a r  I r r a d i a t i o n  Targe ts  

The s p e c i f i c a t i o n  of a d i f f u s e  t a r g e t  f o r  use i n  s o l a r  interchange mea- 

surements i s  much less r e s t r i c t i v e  than  for i n f r a r e d  measurements (see above) .  

Targets which are used f o r  i n f r a r e d  measurements should be s u i t a b l e  for s o l a r  

measurements, as w e l l .  However, occasions may a r i s e  i n  which more h ighly  

r e f l e c t i v e  t a r g e t s  are needed f o r  s o l a r  measurements. A high r e f l e c t a n c e  

(P*  = 0.89) whi te  p a i n t  was used as a t a r g e t  f i n i s h  for t h e  experiments 
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descr ibed  i n  Reference 1 (Alcoa A 1 4  A I  0 

s i l i c a t e ) .  

checked by v i s u a l  i n spec t ion .  

t h e  v i s i b l e  waveband (0.4 t o  0.7 micron) s o  t h a t  any tendency for a t a r g e t  t o  

become specu la r  i n  t h e  near  i n f r a r e d  (0.7 t o  3.0 microns)  i s  a p t  t o  produce 

only a second-order inf luence.  The ser iousness  of near  I R  s p e c u l a r i t y  will 

depend upon t h e  s p e c t r a l  response of a de tec t ion  system; for  example, an S-11 
photomul t ip l ie r  t ube  does not  d e t e c t  energy above 0.7 micron, so t a r g e t  

s p e c u l a r i t y  i n  t h e  near  I R  would be unnoticed. 

i n  Sylvania  PS-7 potassium 2 3  
A s  a first approximation, the d i f fuseness  of a s o l a r  t a r g e t  may be 

Forty percent  of  s o l a r  energy i s  contained i n  

Targe t  s i z e  cons ider8 t ions  acd mcunting techniques are e s s e n t i a l l y  t h e  

1 same as t h o s e  d iscussed  i n  t h e  s e c t i o n  on thermal f a c t o r  t a r g e t s .  

I 

. .  
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5.0 FACILITY DESIGN 

.. 

The p r i n c i p a l  goa l  of  an experiment i s  t o  ob ta in  re l iab le  data. I n  t h i s  

regard  it is  necessary t h a t  t h e  data be repea tab le  as w e l l  as capable  o f  

i n t e r p r e t a t t o n .  The experimental  determinat ion of r a d i a n t  interchange f a c t o r s  

from model spacec ra f t  w i l l  y i e l d  reproducible  d a t a  s o  long as 1) sur face  

e x c i t a t i o n  and s i g n a l  de t ec t ion  are measured on a r e l a t i v e  ( r a t h e r  than  abso- 

l u t e )  b a s i s ,  and 2 )  t h e  geometr ical  o r i e n t a t i o n  of  r a d i a n t  source,  model, and 

d e t e c t i o n  system can be reproduced. Inasmuch as t h e  experimental  a lgori thm 

developed i n  Sec t ion  2.0 and t h e  s p e c t r a l  a n a l y s i s  i n  Sec t ion  4 . 2  provide a 

r a t i o n a l  basis f o r  i n t e r p r e t i n g  data, t h e  remaining d iscuss ion  of l abora to ry  

f a c i l i t y  requirements  w i l l  emphasize t h e  f a c i l i t i e s  and hardware needed t o  

perform an experiment.  

5 .1  GEOMETRICAL REQUIREMENTS 

The phenomena of  s o l a r  and thermal  r a d i a n t  t r a n s p o r t  are s t rong  func t ions  

of geometry. 

s a r y  t h a t  all s p a t i a l  coord ina tes  de f in ing  model o r i e n t a t i o n ,  source l o c a t i o n  

and d e t e c t o r  l o c a t i o n  be known. This requirement can be met by us ing  a model 

mounting f i x t u r e  t h a t  has t h r e e  r o t a t i o n a l  degrees  of freedom r e l a t i v e  t o  a 

l a b o r a t o r y  r e fe rence  frame. The source must be mobile and have t r a n s l a t i o n a l  

degrees  o f  freedom wi th in  t h e  l abora to ry  r e fe rence  coord ina te  system and a t  

least  two degrees  of r o t a t i o n a l  freedom r e l a t i v e  t o  a p o i n t  i n  t h e  l abora to ry  

coord ina te  system. The d e t e c t o r  should have t h e  same degrees of  freedom as 

If experimental  r e s u l t s  must be reproducib le , then  it i s  neces- 

t h e  source .  

F igure  1 4  i s  a schematic r ep resen ta t ion  of  a l l  t h e  elements needed t o  

o b t a i n  geometr ica l  r e p r o d u c i b i l i t y .  A model i s  shown mounted i n  an indexed 



Figure 14. Schematic Representation of Facility for Measuring 
Radiation Interchange Factors With Model Spacecraft 
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fixture which permi ts  " r o l l i n g "  about a model a x i s .  

t o  a commercially a v a i l a b l e  r o t a r y  i n c l i n a b l e  t a b l e  t o  permit  both "p i tch ing"  

and "yawing" of t h e  model. The hold ing  (roll) f i x t u r e  would not be. a v a i l a b l e  

The f i x t u r e  i s  mounted 

as of f - the-she l f  hardware,but could be designed and f a b r i c a t e d  without  

d i f f i c u l t y .  

A p lana r  coord ina te  system s c r i b e d  on t h e  l abora to ry  f l o o r  would provide 

an inexpensive and convenient means of l o c a t i n g  t h e  r a d i a n t  source and detec- 

t o r  r e l a t i v e  t o  t h e  r o t a r y  i n c l i n a b l e  t a b l e .  

d e t e c t o r  are shown mounted on t r i p o d s .  

for t h e  source and d e t e c t o r  and a plumb bob suspended from each t r i p o d  serves  

t o  i d e n t i f y  a p r e c i s e  l o c a t i o n  i n  t h e  l abora to ry .  

I n  Figure 1 4 ,  t h e  source and 

The use of t r i p o d s  provides  mob i l i t y  

Heavy duty t r i p o d s  a r e  

commercially a v a i l a b l e  with indexed heads f o r  mounting and aiming source and 

d e t e e t o r  equipment. 

5.2 SPATIAL AND ENVIRONMENTAL REQUIREMENTS 

The f l o o r  space r equ i r ed  for a radiant  interchange measurements labora-  

tory should  be  l a r g e  enough t o  allow 360 degrees r o t a t i o n  of t h e  r o t a r y  t a b l e  

with a model mounted i n  p lace  and a minimum of 4 feet  c learance  on a l l  s i d e s .  

I n  a d d i t i o n  t o  t h e  minimum c lea rance ,  t h e  f l o o r  space should be s u f f i c i e n t  t o  

allow t h e  source  o r  d e t e c t o r  t o  be l o c a t e d  at l e a s t  10  f e e t  from t h e  model.in 

a working zone. 

at  the c e n t e r  would s a t i s f y  t h e  l a s t  requirement and would be  s u i t a b l e  f o r  any 

model w i th  a maximum dimension of l e s s  than about 15 f e e t .  

A square room about 25 f e e t  on a s i d e  with t h e  r o t a r y  t a b l e  

The measurements l a b o r a t o r y  should have black walls, f l o o r ,  and c e i l i n g  

t o  minimize stray r a d i a t i o n .  

water vapor and C02 concent ra t ion  and t o  avoid problems of vo lumetr ic  absorp- 

t i o n  of r a d i a n t  energy. 

ex t raneous  and random sources of s t r a y  r a d i a t i o n  such as e l e c t r o n i c  and e lec-  

t romechanica l  equipment, s o l d e r i n g  i r o n s  a incandescent and f l u o r e s c e n t  lamps a 

etc. 

The room should be a i r -condi t ioned  t o  minimize 

Care should be exerc ised  t o  avoid in t roduc ing  
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6.0 CONCLUDING REMARKS AND RECOMMENDATIONS 

The s tudy  r epor t ed  here  has examined techniques f o r  measuring r a d i a n t  

in te rchange  f a c t o r s  appropr ia te  t o  t h e  thermal design of s p a c e c r a f t .  The 

technique which appears t o  be most promising i s  an outgrowth of t h e  method f o r  

measuring l o c a l  s o l a r  i r r a d i a t i o n  of model spacec ra f t  descr ibed  i n  Reference 

1. The conceptual  d e t a i l s  p resented  i n  Sec t ions  2.0 and 4.0 demonstrate t h e  

f e a s i b i l i t y  of t h e  remote exc i ta t ion / remote  d e t e c t i o n  method. However, it i s  

not  reasonable  t o  expect t h a t  t h e  method can be mechanized immediately i n t o  a 

full-blown product ion procedure f o r  measuring r a d i a n t  interchange f a c t o r s .  

An in t e rmed ia t e  pe r iod  of equipment procurement and f a m i l i a r i z a t i o n  i s  r equ i r ed  

t o  develop o p e r a t i o n a l  procedures as w e l l  as t o  eva lua te  t h e  accuracy of t h e  

method. The fo l lowing  sec t ions  desc r ibe  two a d d i t i o n a l  study phases which 

should  be pursued t o  perfect .  a procedure f o r  t h e  empir ica l  determinat ion of 

r a d i a n t  in te rchange  f a c t o r s .  

6.1 PHASE A: EXPLORATORY MEASUREMENTS AND PROTOTYPE DEMONSTRATION 

A 9- t o  12-month program should be undertaken wi th  t h e  fo l lowing  goa l s :  

1) Procure equipment needed t o  measure thermal  and solar r a d i a n t  i n t e r -  

change f a c t o r s .  

2) Perform explora tory  experiments on simple conf igura t ions  t o  develop 

o p e r a t i n g  techniques.  

3)  

4 )  

Compare experimental r e s u l t s  w i t h  a n a l y t i c a l  p r e d i c t i o n s .  

Optimize t h e  ope ra t ing  techniques by automating t h e  procedures ,  

improving t h e  accuracy and e l imina t ing  r e s t r i c t i o n s .  
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5) Document t h e  ope ra t ing  procedures,  p repare  a complete s e t  of draw- 

ings  and s p e c i f i c a t i o n s  f o r  t h e  prototype system. 

Prepare a d e t a i l e d  d e f i n i t i o n  of f a c i l i t y  requirements  f o r  a maximum 

automated l abora to ry  f o r  measuring r a d i a n t  in te rchange  f a c t o r s .  

6) 

These goals  were i d e n t i f i e d ,  o r i g i n a l l y ,  i n  NASA RFP BG721-13-8-l1P 

September 1967, which preceded t h e  p re sen t  study. Experience gained dur ing  

t h e  course of t h i s  s tudy  continues t o  support t h e  need f o r  such an exp lo ra to ry  
c 

study. 

The emphasis i n  t h i s  next phase should be placed on t h e  measurement of 

thermal  r a d i a n t  interchange f a c t o r s .  The measurement of s o l a r  interreflection 

phenomena, d i scussed  i n  Reference 1 i s  s u f f i c i e n t l y  advanced so t h a t  very 

l i t t l e  a d d i t i o n a l  e f f o r t  i s  r equ i r ed  t o  meet t h e  goa ls  i t emized  i n  t h e  pre- 

ceding paragraph. 

t o  the  purposes of spacec ra f t  thermal design i s  c e r t a i n  t o  l e a d  t o  problems 

which can not be a n t i c i p a t e d  and must be solved by t r i a l - and-e r ro r  evolu t ion .  

The s o l a r  in te rchange  s t u d i e s  can be i n i t i a t e d  as t h e  thermal  s t u d i e s  approach 

completion. 

On t h e  o the r  hand, t h e  app l i ca t ion  o f  i n f r a r e d  technology 

The most important  and expensive i tem of equipment'needed f o r  measuring 

thermal  i n t e r r e f l e c t i o n  f a c t o r s  i s  a radiometer. It w i l l  be necessary e i t h e r  

t o  purchase an expensive,  h igh  q u a l i t y  instrument o r  t o  devote a g r e a t  d e a l  of 

t i m e  and e f f o r t  t o  develop inexpensive components f o r  t h e  purpose of measuring 

r a d i a n t  f l u x .  

gram of exp lo ra to ry  measurement. The development or invent ion  of f l u x  sensors  

should be de fe r r ed  u n t i l  a f t e r  t h e  measurement concept has  been proved by a 

demonstrat ion o r  c a r r i e d  on as a p a r a l l e l ,  independent e f f o r t .  

sou rce ,  as w e l l  as s i g n a l  process ing  e l e c t r o n i c s  f o r  t h e  radiometer,  w i l l  a l s o  

be  needed f o r  exp lo ra to ry  measurements. 

f i x t u r e  w i l l  no t  be needed f o r  holding models dur ing  t h i s  study inasmuch as . 
Source-to-model-to-detector o r i e n t a t i o n  can be f i x e d  f o r  t h e  convenience of 

t h e  experimenter .  

suppor t s  can be  used f o r  e a r l y  experiments. 

The f i rs t  p o s s i b i l i t y  appears t o  be more appropr i a t e  t o  a pro- 

A r a d i a n t  

A three-degree-of-freedom support 

I 

Simple holding f i x t u r e s  such as r i n g  s t ands  or o p t i c a l  bench 

. 



I 

An experiment should be performed using a n a l y t i c a l l y  simple models. The 

model su r faces  should be plane and r e f l e c t  e i t h e r  p e r f e c t l y  d i f f u s e l y  or per- 

f e c t l y  s p e c u l a r l y .  The models should be designed t o  i n v e s t i g a t e  t.he following: 

1) The accuracy of t h e  remote e x c i t a t i o n  concept f o r  gray enc losu res .  

2) The magnitude of a s p e c t r a l  mismatch f o r  a nongray enc losure  when 

s u r f a c e s  are c l o s e l y  coupled by a d i r e c t  view (F # 0 ) ,  and when 

s u r f a c e s  are coupled only by a r e f l e c t i o n  (F = 0 ) .  
i J  

i j  

Two geometr ies  which s a t i s f y  t h e s e  condi t ions  and which would be simple t o  

fabricate a r e  shown i n  Figure 15 .  The execution of t h e  experiment would pro- 

v ide  t h e  experience and i n s i g h t  needed t o  suggest improvements f o r  opt imizing 

tes t  procedures .  The accuracy of tes t  r e s u l t s  would be determined by compar- 

i n g  exper imenta l  d a t a  with a n a l y t i c a l l y  derived va lues .  

6.2 PHASE B: RADIANT INTERCHANGE MEASUREMENTS - APPLICATION TO SPACECRAFT 
MODELS 

The las t  phase of t h i s  program should be a 6- t o  9-month s tudy  which 

culmimtes wi th  t h e  measurement of r a d i a n t  interchange f a c t o r s  on E complex 

s p a c e c r a f t  model having r e a l  d i r e c t i o n a l / b i d i r e c t i o n a l  su r f ace  p r o p e r t i e s .  

This study should have t h e  fol lowing goals:  

Fab r i ca t e  and tes t  t h r e e  d i f f e r e n t  enclosure geometrics a l l  of which 

have one or more r e a l  (d i rec t iona l . /b idrec t iona l )  s u r f a c e s :  two models 

models should be geometr ica l ly  simple and t h e  t h i r d  should have t h e  

complexity of an AAP spacec ra f t .  

Compute r a d i a n t  interchange f a c t o r s  appropr ia te  t o  t h e  t h r e e  

d i f f e r e n t  enc losures .  

C o r r e l a t e  t h e  r e s u l t s  of ana lys i s  and experiment and perform e r r o r  

a n a l y s i s  t o  expla in  any d i f f e rences  between a n a l y t i c a l  p r e d i c t i o n s  

and experimental  measurements. 

Document a l l  f ind ings ,  update opera t ing  procedures,  and i d e n t i f y  

a d d i t i o n a l  a p p l i c a t i o n s .  
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Figure 15. Model Geometries for Exploratory Test Program 

A and A should be either bare metal or black painted and 
A 1 2 shoula be either a second surface mirror or white painted. 

. 
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5) Del iver  a l l  equipment and models t o  NASA. 

On completiori of  t h i s  second recommended phase, t he  t..erma des igner  

w i l l  have a u s e f u l  t o o l  a v a i l a b l e  f o r  so lv ing  d i f f i c u l t  problems of r a d i a t i v e  ' 

exchange. The use of  breadboard models t e s t ed  i n  a s h i r t - s l e e v e  environment 

w i l l  se rve  t o  make thermal design more of  a sc ience  and l e s s  of an a r t .  The 

measurement of r a d i a t i v e  interchange phenomena w i l l  provide the  des igner  with 

a convenient means of  v i s u a l i z i n g  problems and opt imizing problem s o l u t i o n s .  
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7.0  NOMENCLATURE 

Ak = r a d i a t i n g  su r face  area of  kth node, square feet  

C = s o l a r  inc idence  f a c t o r  of  kth node ( o r d i n a r i l y ,  t h e  r a t i o  of  t h e  

p r o j e c t i o n  o f  t h e  d i r e c t l y  i r r a d i a t e d  area t o  t h e  geometric area) ,  

nondimensional 

s ,k 

= blackbody emissive power, powerlft 2 Ek 

F = convent ional  shape f a c t o r ,  nondimensional 
kj 

= r a d i a t i o n  interchange f a c t o r ,  nondimensional % 
Gk 

Ik3 J 

= i r r a d i a t i o n  a t  Ak; r a d i a n t  f l u x  i n c i d e n t  a t  Ak, power/ft  2 

GLi) = i r r a d i a t i o n  at Ak due t o  e x c i t a t i o n  o r i g i n a t i n g  a t  Ai power/ft2 

= emergent r a d i a n t  i n t e n s i t y  a t  Ak d i r e c t e d  toward A .', power / f t2 / s te r  

Jk = r a d i o s i t y  ( d i f f u s e  emergent f l u x )  o f  Aky power/ft2 

Jk = apparent  r a d i o s i t y  (hemispherical  emergent f l u x )  o f  a nondiffuse 
N 

s u r f a c e  , Ak , power/ft2 

'kiJoi + 'kGk 
power / f t 2  

p a r t i a l  r a d i o s i t y  o f  Ak due t o  e x c i t a t i o n  a t  Ai ,  J(i) = 
' k  

Joi = e x c i t a t i o n  flux of  Ai ;  t h e  component o f  emergent f l u x  which o r i g i -  

n a t e s  a t  A i  before  accounting f o r  i n t e r r e f l e c t i o n s  power/ft2 

8k j 

a 0 k j  

= TIk j  , pseudo-radiosi ty  of A ~ ,  power/ft2 

= d i r e c t i o n a l  e x c i t a t i o n  f l u  o r i g i n a t i n g  a t  Ak and d i r e c t e d  toward 

A , power/ft2 3 
N = an i n t e g e r  des igna t ing  t h e  number of  nodal sur faces  i n  an enc losure  



qk,net = net radiant heat flux at Ak, power/ft2 

= 

= 

radiant flux exchanged between Ak and A j ,  power/ft2 

bidirectional reflectance of Ak for radiation arriving from A 
redirected toward A,, nondimensional 

qk3 

3 kw 3 
and r 

S = solar constant; 442 Btu/hr-ft2 

. s = simulated solar constant detected by a radiometer, power/ft2 

T = absolute temperature, O R  

@k = hemispherical absorptance of A nondimensional 

CYk = apparent hemispherical absorptance of A,, nondimensional 

k’ 
N 

3 ’  “kj 
= directional absorptance of Ak for radiation arriving from A 

nondimensional 

p k j  - - JAj)/Joj, the interreflection kernel which designates the influence 
of excitation at A. on the partial radiosity of Ak, nondimensional J 

k3 pkj = the interreflection kemel which designates the contribution t o 8  
1w nondimensional rgoiw 9 

of directional excitation 

6kj = 6; = ’  Kronecker delta 

‘k = hemispherical emittance of Aky nondimensional 

‘k = apparent hemispherical emittance of Ak, nondimensional . 
N 

N 

J = 

= 

directional emittance of Ak for radiant flux directed toward A 
N ‘kj 

ciwPkj , interreflection kernel which designates the contribu- 
iw 

tion to ak 
polar angle measured relative to a surface normal vector, degrees 

or radians 

%J 1 w=l 
of hemispherical excitation at Ai J 

e = 

A = wavelength, microns 

k P k  = hemispherical reflectance of A 

p: = diffuse component of pk  

4 

b 

. 
c 



m 
k pk = specular (mirror) component of  

= hemispherical  d i r e c t i o n a l  r e f l ec t ance  of Ak toward A f o r  uniform 
J 

hemispherical  incidence 
pkJ 

N 

J 
= apparent hemispherical  d i r e c t i o n a l  r e f l e c t a n c e  of  Ak toward A 

, pkJ 
(r = Stefan-Boltzmann constant  

0 = s o l i d  angle ,  s t e r a d i a n s  
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AN E X P E R I M E N T A L  TECHNIQUE FOR MEASURING L O C A L  SOLAR 
IRRADIATION WITH A MODEL S P A C E C R A F T  

R. P. Bobco,  Sen io r  Staff  E n g i n e e r  
Hughes  . A i r c r a f t  C o m p a n y  

S p a c e  S y s t e m s  Div i s ion ,  T h e r m o p h y s i c s  D e p a r t m e n t  
Los Ange les ,  Ca l i fo rn ia  

A b s t r a c t  

An e x p e r i m e n t a l  p r o c e s s  i s  d e s c r i b e d  which 
is c a p a b l e  of y ie ld ing  quant i ta t ive  in fo rma t ion  on  
the  loca l  s o l a r  e x p o s u r e  of s p a c e c r a f t  m o d e l s .  
T h e  t echn ique  u s e s  m o d e l s  which a re  g e o m e -  
t r i c a l l y  and  r e f l ec t ive ly  s i m i l a r  t o  s o m e  p r o t o -  
type of i n t e r e s t  and t e s t s  t h e m  in a s h i r t s l e e v e  
e n v i r o n m e n t .  In addi t ion  to  the  mode l ,  t he  
p r o c e s s  r e q u i r e s  a co l l ima ted  r ad ian t  f i e ld  
which s i m u l a t e s  t he  solar s p e c t r u m ,  a d i f fuse ly  
r e f l ec t ing  t a r g e t  which i s  s m a l l  r e l a t i v e  t o  a n y  
m o d e l  s u r f a c e ,  a r e m o t e  r ad ia t ion  d e t e c t o r  wi th  
a n a r r o w  field of v iew,  and a f ix tu re  f o r  ho ld ing  
the  m o d e l  in s o m e  d e s i r e d  o r i en ta t ion  r e l a t i v e  to 
the  r a d i a n t  s o u r c e .  
d o e s  not r e q u i r e  a n y  knowledge of shape  f a c t o r s ,  
solar i n c i d e n c e  f a c t o r s ,  b i d i r e c t i o n s l  r e f l e c  - 
t ances .  or i n t e r r e f l e c t i o n  coef f ic ien ts .  An 
ana ly t i ca l ly  t r a c t a b l e  m o d e l  w a s  t e s t e d  us ing  the  
sun  a s  t h e  r a d i a n t  s o u r c e  and a p h o t o m e t e r  as a 
d e t e c t o r .  A c o m p a r i s o n  between ana ly t i ca l  p r e  - 
d ic t ions  and  e x p e r i m e n t a l  r e s u l t s  i nd ica t e s  t ha t  
l oca l  solar i r r a d i a t i o n  on  a m o d e l  m a y  be  m e a s -  
u r e d  with a n  a c c u r a c y  tha t  i s  c o m p a r a b l e  to t h e  
m e a s u r e m e n t  of s u r f a c e  r e f l ec t ance .  T h e  e a s e  
and a c c u r a c y  of t h e  process r e c o m m e n d  i t s  u s e  
as a n  e n g i n e e r i n g  t h e r m a l  des ign  too l  

T h e  e x p e r i m e n t a l  method 

N o m e n c  Ia tur  e 

CSk  = solar i n c i d e n c e  f ac to r  f r o m  sun  to s u r -  

k 
f a c e  6 A  

= s h a p e  f a c t o r  bAk t o  OAj 

= solar i r r a d i a t i o n  a t  &A,< ,  p o w e r l u n i t  
k j  

F 

area =E 
g: = nond imens iona l  i r r a d i a t i o n  a t  6Ak 

C A  p o w e r / u n S  a r e a l s t e r a d i a n  

4 
1(rv2kj)= in t ens i ty  a t  6A e m e r g i n g  toward  

j' 
m o n o c h r o m a t i c  r a d i o s i t y  a t  EAk, 
p o w e r l u n i t  a r e a l m i c r o n  

i n s t r u m e n t  c o n s t a n t  

ne t  s o l a r  f lux  a t  EAk, p o w e r l u n i t  
a r ea  

spectral  r e s p o n s e  of a r ad ia t ion  
d e t e c t o r  

v e c t o r  l oca t ing  EAk i n  some  r e f e r e n c e  
f r a m e  

s o l a r  c o n s t a n t  a t  z e r o  a i r  m a s s ,  
p o w e r l u n i t  a r e a  

solar cons t an t  a t  l o c a l  s u r f a c e  a i r  m a s s ,  
p 'owerlunit  area 

m e t e r  n u m e r i c  due  t o  s i g n a l  f r o m  
rad ia t ion  leaving  bA 

m e t e r  n u m e r i c  due  to  s igna l -p lus -no i se  
f r o m  rad ia t ion  leaving  6A 

k 

k - 
'k, - 'k 

k s o l a r  a b s o r p t a n c e  of 6A 

rad ian t  t r a n s f e r  function ( i n t e r r e f l e c t i o n  
coef f ic ien t )  6Ai t o  6A 

ang le  of i nc idence  m e a s u r e d  f r o m  s u r -  
f a c e  n o r m a l  at 6Ak 

wavelength ,  m i c r o n s  

j 

diffuse ( o r  h e m i s p h e r i c a l )  r e f l e c t a n c e  a t  

6Ak 

= b id i r ec t iona l  r e f l e c t a n c e  at 6Ak for 
e n e r g y  a r r i v i n g  f r o m  OAi and r e f l ec t ed  
toward  6A j 

= m o n o c h r o m a t i c  t r a n s m i t t a n c e  of 
a t m o s p h e r i c  a i r  mass  

j 
= d i r e c t i o n  v e c t o r  f r o m  6Ak to 6A 

= so l id  ang le  subtended b y  6A. as s e e n  
f r o m  bAk J 

= so l id  a n g l e  

In t roduct ion  

T h e  r a t i o n a l  t h e r m a l  des ign  of s p a c e c r a f t  
r e q u i r e s  de t a i l ed  quant i ta t ive  in fo rma t ion  on  t h e  
s o l a r  and  t h e r m a l  r a d i a n t  exchange a m o n g  s p a c e  - 
c r a f t  s u r f a c e s .  T h e s e  d a t a  a r e  r e q u i r e d  a l m o s t  
a t  the  o u t s e t  of des ign  so tha t  f r e q u e n t l y  g r o s s  
s impl i f i ca t ions  a r e  m a d e  i n  o r d e r  t o  compute  
v a r i o u s  rad ia t ion  coe f f i c i en t s  r ap id ly .  T y p i c a l  
s impl i fy ing  a s s u m p t i o n s  inc lude  spec i f ica t ion  of 
s e m i g r a y  s u r f a c e s ,  d i f fuse  e m i s s i o n ,  d i f fuse  or  
s p e c u l a r  r e f l ec t ion ,  and un i fo rmi ty  of r ad ia t ion  
o v e r  a r b i t r a r i l y  l a r g e  a r e a s .  E v e n  if c o m p u t e r  
p r o g r a m s  w e r e  ava i l ab le  for ' m o r e  r e a l i s t i c  
rad ia t ion  p r o c e s s e s ,  v i r t u a l l y  no d a t a  a r e  p r e s -  
ently ava i l ab le  f o r  eng inee r ing  m a t e r i a l s  and 
p r o p e r t i e s  such  a s  d i r e c t i o n a l  e m i t t a n c e ,  b i d i r e c -  
t ional r e f l e c t a n c e ,  o r  even  the  r e l a t i v e  p r o p o r  - 
t ions  of d i f fuse  and s p e c u l a r  componen t s  of 
r e f l ec t ance  i f  t he  combined  r e f l e c t a n c e  mode l  i s  
chosen .  
p le ted ,  i t  is poss ib l e  t o  r e f i n e  ana ly t i ca l  

Af t e r  p r e l i m i n a r y  des ign  h a s  been c o m -  

1 



pred ic t ions  e i t h e r  by us ing  a m e a n  - to - loca l  
a lgo r i thm o r  t e s t  d a t a  from s p a c e  - s o l a r  s i m u -  
l a t o r  t e s t s  of p r o t o t  pe  s p a c e c r a f t  or t h e r m a l  
s imi l i t ude  m o d e l s .  c y .  2 ,  

T h i s  p a p e r  r e p o r t s  t he  r e s u l t s  of a s tudy  to  
deve lop  an  e x p e r i m e n t a l  b r e a d b o a r d  technique  
for obtaining solar hea t ing  d a t a  in  suppor t  of 
ana ly t ica l  d e s i g n .  
t he  difficulty and  unce r t a in ty  of mak ing  a n y  type 
of rad ia t ive  exchange  computa t ion ,  e s p e c i a l l y  for 
solar hea t ing  of g e o m e t r i c a l l y  complex  s p a c e  - 
c r a f t  in t he  p r e s e n c e  of i r r e g u l a r  shadow p a t t e r n s  
and nonplane s u r f a c e s .  
oped 1) us ing  s c a l e  m o d e l s  of s p a c e c r a f t  having  
real  s u r f a c e  f i n i s h e s  w h e r e v e r  f eas ib l e ,  and 2 )  
employing a s h i r t s l e e v e  e n v i r o n m e n t  f o r  both t e s t  
pe r sonne l  and  m o d e l s .  S i m p l e  m e a s u r e m e n t s  
which a re  both  r a p i d  and a c c u r a t e  y ie ld  t h e  non-  
d imens iona l  l o c a l  solar i r r a d i a t i o n  anywhere  on 
the  s p a c e c r a f t  s u r f a c e .  
m u s t  be mul t ip l i ed  by t h e  p roduc t  of loca l  s o l a r  
a b s o r p t a n c e  and  s o l a r  cons t an t ,  a*S. t o  ob ta in  
the  net s o l a r  f lux  a t  a loca t ion .  
not r e q u i r e  computa t ion  of s o l a r  i nc idence  f a c -  
t o r s ,  shape  f a c t o r s ,  o r  i n t e r r e f l e c t i o n  
coef f ic ien ts .  

T h e  s tudy  was mot iva t ed  by 

A p r o c e d u r e  w a s  d e v e l -  

T h i s  m e a s u r e d  va lue  

T h e  method d o e s  

Ana ly t i ca l  Background 

An a r b i t r a r y  e n c l o s u r e  i r r a d i a t e d  b y  a c o l -  
l imated  b e a m  of s o l a r  e n e r g y  i s  shown in F i g .  1. 
T h e  d i r e c t  solar i r r a d i a t i o n  i s  d i scon t inuous  
in so fa r  a s  s o m e  of t h e  s u r f a c e s  c a s t  shadows  on  
o t h e r  s u r f a c e s ;  however ,  by v i r t u e  of i n t e r -  
r e f l ec t ions  a m o n g  t h e  several s u r f a c e s ,  even  
r e g i o n s  which l i e  in a pronounced shadow m a y  b e  
i r r a d i a t e d  b y  i n d i r e c t  solar e n e r g y .  T h e  solar 
e n e j g y  inc iden t  on  a n  e l e m e n t a l  a rea  6Ak loca ted  
a t  r k  ( r e l a t i v e  to s o m e  r e f e r e n c e  f rame)  m a y  b e  
found by so lv ing  t h e  in t ens i ty  i n t e g r a l  equation:(3) 

I (Ik, 8 .) = p *  S 
kj s k j y ' s k  

pikj I (r i ,  0 .  i k  ) C O S  8 k d%k 

(1) * 
w h e r e  P s k j  is t h e  b i d i r e c t i o n a l  r e f l e c t a n c e  f o r  s o l a r  
ene rgy .  
t h e  e n c l o s u r e ,  t h e  i r r a d i a t i o n  a t  6Ak is 

d h e n  t h e  i n t e n s i t y  i s  known e l s e w h e r e  in 

F i g u r e  1. E n c l o s u r e  of A r b i t r a r y  Complex i ty  
I r r a d i a t e d  b y  Co l l ima ted  S o l a r  E n e r g y  

T h e  d i r e c t i o n a l  s o l a r  a b s o r p t a n c e  is impl i ed  by 
t h e  coefficient a$ i n  thX in t eg rand  of Eq. (3). A 
solution of Eq .  ( 1 )  and eva lua t ion  of Eq.  ( 3 )  s t i l l  
falls beyond t h e  s t a t e  of t h e  a r t  of t h e r m a l  a n a l y -  
sis because  des ign  d a t a  for b id i r ec t iona l  r e f l e c -  
t i on  and d i r e c t i o n a l .  abso rp t ion  a r e  not ava i l ab le .  
However ,  i t  is p o s s i b l e  t o  m e a s u r e  t h e  i r r a d i -  
a t ion  G$ of Eq. (2) with c o m p a r a t i v e  e a s e .  

Cons ide r  t h e  c a s e  w h e r e  t h e  e l e m e n t  bAk is  
cove red  by a d i f fuse ly  r e f l ec t ing  m a t e r i a l  with a 
solar r e f l e c t a n c e  p t ,  whi le  a l l  o t h e r  s u r f a c e s  in 
t h e  e n c l o s u r e  r e t a i n  t h e i r  r e a l  b id i r ec t iona l  
r e f l ec t ion  p r o p e r t i e s .  so long a s  6Ak << Ak,  it 
w i l l  not have  a f i r s t - o r d e r  in f luence  on the  i n t e n -  
s i t y  a t  a n y  o t h e r  loca t ion  i n  the  e n c l o s u r e  even  
though p: and p c * m a y  b e  d i f f e ren t .  A s  a r e s u l t ,  
t h e  i r r ad ia t ion  Gk wi l l  r e m a i n  unchanged.  
Additionally,  t h e  e l e m e n t  6Ak wi l l  have  a 
r ad ios i ty ,  as  w e l l  a s  a n  in tens i ty ,  i n a s m u c h  as  
i t  r e f l e c t s  diffusely: 

* 

* *  JZ = Pt Gk (4) 

and the  a b s o r b e d  solar f lux  is Next, c o n s i d e r  s o m e  rad ia t ion  s e n s i n g  dev ice  
placed at a loca t ion  r e m o t e  f r o m  t h e  e n c l o s u r e .  
T h e  d e t e c t o r  m u s t  have a s m a l l  f ield of view and 
b e  sens i t ive  to  r e f l ec t ed  s o l a r  e n e r g y .  If t h e  

t h e  i r r ad ia t ion  of t h e  d e t e c t o r  i s  
C O S  8 d* (3 )  e l e m e n t  6Ak i s  "viewed" by the  d e t e c t o r  (Fig. 21, * - .  

k 

r 



K)SIIION 2 

MIlllON I 

F i g u r e  2 .  E l e m e n t a l  A r e a  6Ak Viewed by Small' 
F i e l d  Radia t ion  D e t e c t o r  in T w o  Dif fe ren t  

O r i e n t a t i o n s  

Ik cos Bi da i  

Eq. ( 5 )  i s  t r u e  so long  as  6A comple t e ly  f i l l s  k .  t he  f ie ld  of view and  6Ak is a d i f fuse ly  r e f l e c t -  
ing s u r f a c e .  I t  should  b e  o b s e r v e d  tha t  when 
t h e s e  condi t ions  a r e  m e t ,  t he  i r r a d i a t i o n  of the  
d e t e c t o r  i s  independent  of t h e  s e n s o r  pos i t ion  
r e l a t i v e  t o  6Ak. T h e  i n t e g r a l  r e m a i n i n g  in  
Eq. (5)  i s  a s h a p e  f a c t o r  and m a y  be c o n s i d e r e d  
a s  a n  i n s t r u m e n t  cons t an t .  T h e  d e t e c t o r  output 
m a y  be  t r a n s f o r m e d  in to  a n  e l e c t r i c a l  s igna l  and 
f rom E q s .  ( 4 )  and ( 5 )  a m e t e r - r e a d i n g ,  vk, i s  
e qui  va 1 en t t o  

vk = ,I;G: K 

w h e r e  K is a n  o v e r a l l  i n s t r u m e n t  cons t an t .  

T h e  i r r a d i a t i o n ,  G $ ,  m a y  be  r e c o v e r e d  f r o m  
Eq. ( 6 )  by a s i m p l e  ca l ib ra t ion  p r o c e d u r e .  T h e  
ca l ib ra t ion  i s  m a d e  by i r r a d i a t i n g  a n  i so l a t ed  
t a rge t  with a d i f fuse  r e f l ec t ance  p t  with the  
s a m e  s o u r c e  used  to i r r a d i a t e  t he  e n c l o s u r e .  In 
the  a b s e n c e  of i n t e r r e f l e c t i o n s ,  t he  r a d i o s i t y  of 
the  i so l a t ed  t a r g e t  is  

The  o r i en ta t ion  of t h e  t a r g e t  m a y  be  chosen  to 
provide  n o r m a l  s o l a r  inc idence  (i .  e. , cos a t =  1) 
so that  t h e  ca l ib ra t ion  m e t e r  reading  i s  

A nondimensional  i r r a d i a t i o n ,  g & ,  m a y  be  def ined  
a s  the  r a t i o  of t h e  in  s i t u - to -ca l ib ra t ion  
m e a s u r e m e n t s :  

P r e s u m a b l y ,  t h e  magn i tude  of S i s  known f r o m  
independent cons ide ra t ions .  

T h e  concep tua l  deve lopmen t  above i s  based  on  
the  s e p a r a t i o n  of t h e r m a l  (i .  e . ,  long wave or  IR)  
and s o l a r  r ad ia t ion  and  t h e  u s e  of a de t ec t ing  s y s -  
t e m  which i s  f i l t e r e d  o r  o t h e r w i s e  in sens i t i ve  t o  
t h e r m a l  rad ia t ion .  T h e  r ad ia t ion  s o u r c e  m a y  be 
the  sun  i t s e l f  or a n y  a r t i f i c i a l  s o u r c e  which is 
1 )  well  co l l ima ted ,  2 )  un i fo rm,  and 3 )  s p e c t r a l l y  
s i m i l a r  t o  the  sun .  It is not n e c e s s a r y  e i t h e r  t o  
dupl ica te  t h e  magn i tude  of the solar f lux  (i. e. , 
S = 442 B t u / h r  -ft2) or t o  p l ace  the  e n c l o s u r e  in 
a cold -walled vacuum c h a m b e r  because  e n c l o s u r e  
su r face  t e m p e r a t u r e s  a re  not g e r m a n e  to  t h e  
m e a s u r e m e n t s .  T h e  concep tua l  e l e m e n t s  
r e q u i r e d  to m e a s u r e  loca l  i r r ad ia t ion  a r e  shown 
in  F ig .  3.  However ,  when m e a s u r e m e n t s  a r e  
m a d e  in  a typ ica l  s h i r t s l e e v e  env i ronmen t ,  it is 
n e c e s s a r y  to  t a k e  p r o p e r  account  of s t r a y  r a d i a t i o n  
("noise"). T h e  n o i s e  c o r r e c t i o n  r e q u i r e s  two  
s e t s  of m e a s u r e m e n t s :  F i r s t ,  i r r ad ia t ion  and  
ca l ib ra t ion  m e a s u r e m e n t s  a r e  m a d e  with both t h e  
p r i m a r y  s o u r c e  and the  n o i s e  i r r a d i a t i n g  6Ak and  
the  i so l a t ed  t a r g e t ,  r e spec t ive ly :  

* * -  - 
Vk = pt K (Gk t Gk) 

v" = p*K (S t N) t t  - 
where  Gk i s  t he  i r r a d i a t i o n  due  t o  
N .  Second ,  t h e  p r i m a r y  s o u r c e  i s  
the  m e a s u r e m e n t s  a re  r epea ted  a t  
i so la ted  t a r g e t :  

* -  v k =  p K G k .  

v = p * K N  t 

s t r a y  r ad ia t ion ,  
r e m o v e d  and  
bAk and the  

(13) 

F r o m  Eqs.  9 th rough  13, it  follows tha t  t he  d e s i r e d  
nond imens iona l  i r r a d i a t i o n  a t  6Ak is 

. 
3 
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F i g u r e  3.  S c h e m a t i c  R e p r e s e n t a t i o n  of E x p e r i  - 
m e n t a l  P r o c e s s  for F ind ing  Local S o l a r  

I r r a d i a t i o n  of S c a l e  Model S p a c e c r a f t  

* v, - V k  

gk = 7 
Vt - v t 

The r e m a i n i n g  d i s c u s s i o n  d e s c r i b e s  a method 
of imp lemen t ing  t h i s  p r o c e d u r e  as a use fu l  
eng inee r ing  d e s i g n  tool. 

Expe r i m e n  t a  1 P r o c e d u r e  

A f eas ib i l i t y  s tudy  w a s  conducted to e s t a b -  
l i s h  t h e  ava i l ab i l i t y  of h a r d w a r e  f o r  s o u r c e s  
and  d e t e c t o r s .  A s  a r e s u l t ,  i t  w a s  dec ided  to  
u s e  the  sun  a s  t h e  r a d i a n t  s o u r c e ,  a p h o t o m e t e r  
a s  t h e  d e t e c t o r ,  and  t o  c o n s t r u c t  a field s t o p  to  
c o n t r o l  and  m i n i m i z e  the  d i f fuse  r ad ia t ion  coming  
f r o m  the  sky .  In  Sou the rn  Ca l i fo rn ia  t h e  c l i m a t e  
i s  r e a s o n a b l y  cons t an t ,  so t h e  sun  r e p r e s e n t s  a 
dependab le  and inexpens ive  s o u r c e  of s o l a r  r a d i -  
a t ion .  T h e  sea l eve l  solar s p e c t r a l  d i s t r ibu t ion  is  
a close a 

m i s m a t c h .  

r o x i m a t i o n  of t h e  z e r o  a i r  mass  d i s -  
t r i bu t ion  48 so t ha t  t h e r e  is no g r o s s  s p e c t r a l  

T h e  d e t e c t o r  chosen  w a s  a S p e c t r a  P r i t c h a r d  
Mode l  1970-PR ( P h o t o  R e s e a r c h  C o r p o r a t i o n ,  
Hollywood, Ca l i fo rn ia ) ,  which h a s  a t e l e s c o p i c  
viewing s y s t e m  and a cho ice  of func t iona l  f i e l d s  
of v i e w  r a n g i n g  f r o m  6 m i n u t e s  to  2 ’. A photo-  
m u l t i p l i e r  t ube  with a n  s - 1 1  s p e c t r a l  r e s p o n s e  
is the  p h o t o m e t r i c  t r a n s d u c e r .  T h e  output s i g n a l  
w a s  m e a s u r e d  with a d ig i t a l  v o l t m e t e r .  T h e  S - 1 1  
s p e c t r a l  r e s p o n s e  is l imi t ed  to  the  waveband 0. 30 
t o  0.66 m i c r o n ;  t he  imp l i ca t ion  of t h i s  r e s p o n s e  
on s p e c t r a l  m a t c h i n g  i s  d i s c u s s e d  in a l a t e r  
s e c t  ion.  

T h e  ana ly t i ca l  deve lopmen t ’  of t h e  p r o c e d u r e  
shows  that t h e  m e a s u r e m e n t  i s  independent  of 
t a r g e t  r e f l ec t ance ,  p r .  However ,  in the  i n t e r e s t  
of max imiz ing  t h e  m e t e r  r ead ing  f o r  l oca t ions  in  
d e e p  shadows,  a whi te  t a r g e t  w a s  chosen .  A 
diffusely r e f l ec t ing  whi te  pa in t  w a s  mixed  f o r  
t h i s  pu rpose  (Alcoa  A14,  A 1 2 0 3  in Sylvania  P S - 7  
po ta s s ium s i l i ca t e ) .  T a r g e t s  w e r e  f a b r i c a t e d  by 
painting 7 f 8- inch  d i a m e t e r  a l u m i n u m  d i s k s  with 
a 5 t o  10 m i l  t h i c k n e s s  of t h e  wh i t epa in t .  
t a r g e t  solar r e f l e c t a n c e  w a s  m e a s u r e d  as 
Pt = 0. 89 f 0. 01 us ing  a G i e r  -Dunkle in t eg ra t ing  
sphe re .  
is shown i n  F i g .  3.  The a l u m i n u m  d i s k s  w e r e  
bonded t o  th in  d i s k  m a g n e t s  ( 1  -inch d i a m e t e r  X 
1/8-inch th i ck )  for u s e  wi th  s h e e t  m e t a l  m o d e l s .  

Although t h e o r e t i c a l  c o n s i d e r  a t ion  s i nd ica t e  

T h e  

* 
T h e  s p e c t r a l  r e f l e c t a n c e  of the t a r g e t s  

t ha t  the magn i tude  of s t r a y  r ad ia t ion  w a s  not 
impor t an t ,  e x p e r i e n c e  showed :hat a t m o s p h e r i c  
changes  could c a u s e  the  s igna l - to -no i se  r a t i o  to 
v a r y  by a f a c t o r  of two  o r  t h r e e  du r ing  s e v e r a l  
h o u r s  of tes t ing .  A h e m i s p h e r i c a l  t en t  ( “ B l a c k -  
house” )  w a s  des igned  to  act a s  a f ie ld  s t o p  to 
b lock  out t he  v i ew of the  s k y  e v e r y w h e r e  excep t  
in t h e  v ic in i ty  of t he  solar d isk .  T h e  t en t  w a s  
e r e c t e d  on a s i t e  i n  P l a c e r i t a  Canyon in t h e  
San  Gabr i e l  Mountains  abou t  30 m i l e s  n o r t h  of 
t h e  Los  Ange le s  In t e rna t iona l  A i r p o r t .  
is about 16 fee t  in d i a m e t e r  and c o n s i s t s  of a 
f ab r i c -cove red  s t e e l  f r a m e w o r k  mounted on 
rollers on a c i r c u l a r  t r a c k  ( F i g .  4). S l id ing  
pane l s  on t h e  f r o n t  of t h e  s t r u c t u r e  a l low a v a r i -  
ab l e  a p e r t u r e  f o r  s o l a r  i r r a d i a t i o n  of m o d e l s  
mounted in  the. i n t e r i o r .  T h e  Blackhouse h a s  t h e  
same d e g r e e s  of f r e e d o m  ( a z i m u t h  and  zen i th )  as  
an  a s t r o n o m i c a l  o b s e r v a t o r y  d o m e .  S igna l - to -  
n o i s e  ratios ( ins ide  t h e  B lackhouse )  of 10  or  m o r e  
have  been m e a s u r e d  on typ ica l  d a y s  when t h e  
c loud  c o v e r  h a s  been  10% o r  less. 

T h e  t en t  

F i g u r e  4. Blackhouse - Inexpens ive  T e s t  F a c i l i t y  
fo r  M e a s u r i n g  S o l a r  I r r a d i a t i o n  on S p a c e c r a f t  

Mode l s  ( P h o t o  ES 4 67-18174)  

. 
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An e q u a t o r i a l  t r a c k e r  w a s  e r e c t e d  a t  the 
c e n t e r  of the Blackhouse  b a s e .  The t r a c k e r  
s e r v e s  a s  a mount ing  f i x t u r e  f o r  s p a c e c r a f t  
mode l s :  a m o d e l  m a y  be mounted on the t r a c k e r  
a t  s o m e  o r i e n t a t i o n  of i n t e r e s t ,  and t h a t  o r i e n t a -  
t ion wi l l  be ma in ta ined  by a n  e l e c t r i c  c lock  d r i v e  
as the  s u n  m o v e s  a c r o s s  the sky. Manual  r e p o -  
s i t ioning of the Blackhouse  m a i n t a i n s  a fixed view 
of the sun f r o m  the  t r a c k e r .  

With a m o d e l  mounted on the  t r a c k e r  and  the  
Blackhouse  in t h e  d e s i r e d  posi t ion,  the t e s t  p r o -  
c e d u r e  followed a s t r a i g h t f o r w a r d  p a t t e r n  con - 
s i s t i ng  of the  following s t eps :  

1. 

2 .  

3.  

4. 

5. 

6 .  

7.  

8. 

9. 

10. 

11. 

Place the  i so l a t ed  t a r g e t  i n  the vicini ty  of 
t he  m o d e l  and  m e a s u r e  the combined  noise  
and  a p p a r e n t  s o l a r  cons t an t .  

Ro ta t e  the  Blackhouse  ( i n  a z i m u t h )  unt i l  the  
solar d i s k  h a s  been o b s c u r e d  f r o m  the 
i so l a t ed  t a r g e t  and the  mode l .  

M e a s u r e  the  noise  incident  on the i so l a t ed  
t a r g e t .  

R e t u r n  t h e  Blackhouse  to  the  o r i g i n a l  
pos i t ion  so t ha t  the s o l a r  d i s k  d i r e c t l y  
i r r a d i a t e s  t h e  model .  

P l a c e  the  t a r g e t  a t  a loca t ion  of i n t e r e s t  on 
t h e  m o d e l  and  m e a s u r e  the i r r a d i a t i o n  
( n o i s e  p l u s  s igna l ) .  

R e p e a t  S t e p  5 as n e c e s s a r y .  

A f t e r  10 m i n u t e s  ( o r  the end of the t e s t ,  
w h i c h e v e r  c o m e s  f i r s t ) ,  r e p e a t  S t e p s  1 
t h rough  3.  

With t h e  s u n  s t i l l  o b s c u r e d ,  p lace  the t a r -  
g e t  on  t h e  m o d e l  a t  a location m e a s u r e d  i n  
Step 5 or 6 and  m e a s u r e  the  i r r a d i a t i o n  due 
to noise .  

R o t a t e  the  Blackhouse  so  t ha t  t he  sun  
d i r e c t l y  i r r a d i a t e s  the mode l  and the  
i s o l a t e d  t a r  get.  

R e p e a t  S t e p  1 as a check  on  a t m o s p h e r i c  
changes .  

Cont inue  wi th  the  m e a s u r e m e n t s  (S teps  5 
th rough  10 )  un t i l  a l l  l oca t ions  of i n t e r e s t  
h a v e  been  m e a s u r e d .  

Under  t y p i c a l  c i r c u m s t a n c e s ,  two t echn ic i ans  can  
m a k e  a s i g n a l - p l u s  -no i se  o r  no i se  m e a s u r e m e n t  
i n  l e s s  t han  30 s e c o n d s .  

T h e  solar c o n s t a n t  m e a s u r e m e n t  i s  m a d e  with 
a n  i so l a t ed  t a r g e t  loca ted  ad jacen t  t o  a model .  In 
p r a c t i c e ,  a s p e c i a l l y  des igned  a l ignmen t  f ix tu re  
is c l a m p e d  to  t h e m o d e l  in a posit ion such that  
t h e r e  i s  n o  r a d i a n t  i n t e r a c t i o n  between the model  
and the  f i x t u r e .  
t he  f i x t u r e  t a b l e ,  a l igned  to  n o r m a l  inc idence  and 
the no i se  p l u s  d i r e c t  s o l a r  i r r a d i a t i o n  o r  the 

A magne t i c  t a r g e t  i s  placed on 

no i se  a lone  i s  m e a s u r e d .  
it is a l s o  poss ib l e  to accoun t  fo r  s e c o n d a r y  noise  
in t e rac t ions  between the  model  and the b l ack -  
walled i n t e r i o r  of t he  Blackhouse .  

By us ing  t h i s  technique ,  

The  no i se  m e a s u r e m e n t  t echn iques  evolved 
du r ing  e a r l y  shakedown t e s t s  of the faci l i ty .  The  
r e q u i r e m e n t  fo r  " r emov ing"  the  p r i m a r y  r ad ian t  
s o u r c e  led to  the technique  of ro t a t ing  the B lack -  
house  to  o b s c u r e  the s o l a r  disk.  A v a r i e t y  of 
m e a s u r m e n t s  w e r e  m a d e  du r ing  v a r i o u s  a t m o s -  
p h e r i c  condi t ions ,  and it w a s  e s t a b l i s h e d  that  
the background r ad ia t ion  f r o m  the  s k y  w a s  v i r t u -  
a l ly  cons t an t  within about  a 60' f ie ld  of view 
a round  the sun. By ro t a t ing  the Blackhouse  about 
30' to  j u s t  b a r e l y  o b s c u r e  t h e  s o l a r  d i sk ,  t he  
noise  was  found t o  be within 27'0 o r  37'0 of t h e  noise  
magni tude  m e a s u r e d  when the  s o l a r  d i s k  occupied  
the c e n t e r  of t he  Blackhouse  a p e r t u r e .  

S p e c t r a l  P h e n o m e n a  

F o r  the  sake  of d i s c u s s i o n ,  c o n s i d e r  s o m e  
unspec i f ied  ideal method f o r  m e a s u r i n g  loca l  
s o l a r  i r r a d i a t i o n  a t  an  a r b i t r a r y  loca t ion  6Ak. 
The  nond imens iona l  s o l a r  i r r a d i a t i o n  of Eq. (9)  
m a y  be e x p r e s s e d  in t e r m s  of s p e c t r a l  ( m o n o -  
c h r o m a t i c )  quan t i t i e s  as 

'0 

In the r e a l  c a s e  d e s c r i b e d  p rev ious ly ,  i t  is n e c e s -  
sa ry  to  t ake  into accoun t  t h e  s p e c t r a l  r e f l ec t ance  
of the t a D e t ,  Pt,  1, t he  d i s t r ibu t ion  of s o l a r  
ene rgy ,  S i ,  f o r  n o n - z e r o  a i r  m a s s ,  and the  s p e c -  
tral r e s p o n s e  of the phototube, Rx. Neglec t  
no i se  and a s s u m e  a phototube r e s p o n s e  which is 
n o n - z e r o  only in a wave band X i  5 A < X2, so that  
the i r r a d i a t i o n  d e t e r m i n e d  by pho tomet r i c  m e a n s  
i s  

x2 / R A  'k gk, A dX 
* X I  

All of the f a c t o r s  in E q s .  (15 )  and (16) a r e  
known a p r i o r i ,  excep t  fo r  gk In o r d e r  to  
e s t i m a t e  the magni tude  of e r r ' o r s ,  it is n e c e s s a r y  
to  have s o m e  knowledge of g k , k .  It i s  poss ib l e  to 
deve lop  insight a s  to  the n a t u r e  of gk, 
spec i fy ing  a g e o m e t r y  and m e r e l y  a s s u m i n g  that  
a l l  s u r f a c e s  con t r ibu t ing  to  gk, 1 a r e  diffuse 
r e f i e c t o r s .  F o r  t h i s  c a s e ,  i t  i s  shown i n  Ref .  I 
that  

without 



G k , X =  [ s k c s , A t k J j , A F k j ]  j=  1 

T h e  s p e c t r a l  r ad ios i ty ,  Jj, A, is known to  have a 
so lu t ion  of the  f o r m  

(18) 

w h e r e  Bij, A i s  a t r a n s f e r  func t ion  which m a y  b e  
found by m a t r i x  i n v e r s i o n  or t h e  so lu t ion  of an  
i n t e g r a l  equation. Combining Eqs.  (17 )  and ( l8 ) ,  

(19)  
T h e  f o r m  of Eq. (19 )  i n d i c a t e s  t ha t  t h e  s p e c t r a l  

i r r a d i a t i o n  at bAk is  inf luenced  p r i m a r i l y  by the  
d i r e c t  solar inc idence  a n d  s e c o n d a r i l y  by the  
r e f l e c t a n c e  p '  x a t  o t h e r  s u r f a c e s .  T h e  po ten t i a l  
f o r  a s p e c t r a j ' m i s m a t c h  l i e s  in SA and  pj, A .  A 
w o r s t  c a s e  would arise if 6Ak l a y  in a shadow 
( c s ,  k = 0) and had a good v iew of some s u r f a c e  
Aj ( F k j  + 1. 0). In s u c h  a n  in s t ance ,  

Eq. (20 )  m a y  be  u s e d  i n  Eqs. ( 1 5 )  and  (16) t o  
obta in  a quant i ta t ive  m e a s u r e  of a s p e c t r a l  m i s -  
m a t c h  a r i s i n g  from a p h o t o m e t r i c  t echn ique  for 
m e a s u r i n g  i r r a d i a t i o n .  F r o m  Eqs.  ( 1 5 )  and (20), 
find 

tha t  is, t he  idea l  i r r a d i a t i o n  a t  bAk is  s t r o n g l y  
inf luenced  by the  solar r e f l e c t a n c e  of Aj .  T h e  
c o r r e s p o n d i n g  e x p r e s s i o n  f o r  t he  p h o t o m e t r i c  
m e a s u r e m e n t  i s  

A 
P 2  

I,, R x S x dA 

E q s .  ( 2 1 )  and ( 2 2 )  p r o v i d e  a s i m p l e  b a s i s  f o r  
e s t i m a t i n g  s p e c t r a l  m i s m a t c h .  

F i g .  5 shows  t h e  s p e c t r a l  r e f l e c t a n c e  of 
s e v e r a l  s p a c e c r a f t  t h e r m a l  c o n t r o l  s u r f a c e s  and  
the  r e s p o n s e  waveband of a n  S - 1 1  phototube. ( 5 )  
I t  i s  a p p a r e n t  t ha t  l i t t l e  or no e r r o r  would a r i s e  
f r o m  a g r a y  r e f l ec t ing  s u r f a c e .  However ,  s u r -  
f a c e s  s u c h  a s  gold p l a t e  and white p a i n t s  which 
have a s t r o n g  s p e c t r a l  dependence  a r e  a p t  t o  
inf h e n c e  the  m e a s u r e m e n t  of i r r a d i a t i o n .  

. 
. 

l . C  

0.1 

-. 0.1 " 
f 
v - - c 
$ 0.1 

n 

0 . :  

1 I I 

WAVLLINGIH.  k. MICRONS 

F i g u r e  5. 
S p a c e c r a f t  T h e r m a l  C o n t r o l  S u r f a c e  F i n i s h e s  

S p e c t r a l  R e f l e c t a n c e s  of Typ ica l  

T h e  s p e c t r a l  s o l a r  f lux  w a s  e s t i m a t e d  from 
da ta  g iven  in  Ref .  3 for a n  a i r  m a s s  m E;: 1. 2 ( a n  
approx ima t ion  f o r  t h e  la t i tude  of Los Ange les  
dur ing  t h e  s p r i n g  and s u m m e r  mon ths ) .  It w a s  
a s s u m e d  tha t  

4 

b 

T = 0 . 4 ,  0.30 < x b 0. 40 A 

7 = 0.7, 0 .40  < A < 0.70 A 

T h e  a 2 p r o x i m a t e  s p e c t r a l  d i s t r ibu t ion  of s o l a r  
f lux ,Sk ,  i s  shown n o r m a l i z e d  to  the  p e a k  va luc  
in F i g .  6 ;  a l s o  shown i s  the  spec t r a l  r e s p o n s e ,  
Rk, of an  S - 1 1  photomul t ip l ie r  t ube (6 )  and the  
product  

" 

- 
c 
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S u r f a c e  

F i g u r e  6. Approx ima te  S o l a r  S p e c t r u m  Tl for  
A i r  M a s s  c 1. 2; S p e c t r a l  Response ,  RX, of 

S - 1 1  Pho-tomEltiplier; Apparen t  S o l a r  
S p e c t r u m ,  S i  = SI Rk, f o r  P h o t o m e t r i c  T e s t s  

P h o t o m e t r i c  S o l a r  
R e s p o n s e ,  Eq.(21) R e s p o n s e ( 5 )  

Gold 
P l a t e  

3M White I Velve t  I 
0. 3 9  0. 78 

0 . 7 9  I 0 . 7 9  I 
It a p p e a r s  tha t  t h e  s p e c t r a l  r e s p o n s e  of an S - 1 1  
pho tomul t ip l i e r  tube i m p o s e s  s o m e  r e s t r i c t i o n s  
o n  the  u s e  of c e r t a i n  m a t e r i a l s  when m e a s u r i n g  
s o l a r  i r r a d i a t i o n .  In p r a c t i c e ,  the r e s t r i c t i o n s  
are not so s e v e r e  because :  \ 

1. O t h e r  m a t e r i a l s  m a y  be used  t o  s i m u l a t e  

2 .  T h e  i r r a d i a t i o n  impl ic i t  in Eq. (21)  i s  

' go ld  p la te  (e. g . ,  a lumin ized  m y l a r ) .  

1. 0, a based  on a s h a p e  f a c t o r  Fk j  
g e o m e t r i c a l  c a s e  which i s  improbab le  in 
s p a c e c r a f t  des ign .  

3 .  P h o t o m u l t i p l i e r  t ubes  o r  s e n s o r s  m a y  be 
used  with a b r o a d e r  r e s p o n s e  waveband 
( e . g . ,  S-1, S-14) .  

1.0 

0.m 

O b  

0.4 

0.2 

0.4 0.5 0. b , 
WAVLLfNCIH. A ,  MICRONS 

F i g u r e  7 .  Reflect ion S p e c t r a  of 3M White Velve t  

( P h o t o m e t r i c )  S o l a r  S p e c t r u m  
P a i n t  and Gold P l a t e  I r r a d i a t e d  by  Apparen t  

This d i s c u s s i o n  i s  intended to d e m o n s t r a t e  that  
some caut ion m u s t  be e x e r c i s e d  in applying the 
r e m o t e  sens ing  p r o c e d u r e  to  m e a s u r i n g  s o l a r  
i r r a d i a t i o n ;  p roposed  s u r f a c e  f i n i s h e s  should be 
s c r e e n e d  be fo re  using them with a s p e c t r a l l y  
se lec t ive  r ad ia t ion  d e t e c t o r .  

C o m p a r i s o n  of Analyt ical  and E x p e r i m e n t a l  
R e s u l t s  

An e x p e r i m e n t  w a s  p e r f o r m e d  to d e m o n s t r a t e  
the ut i l i ty  and a c c u r a c y  of pho tomet r i c  m e a s u r e -  
men t s  of s o l a r  i r r a d i a t i o n .  
s t ruc t ed  which w a s  g e o m e t r i c a l l y  s i m p l e  and had 
analyt ical ly  t r a c t a b l e  re f lec t ion  c h a r a c t e r i s t i c s .  
The m o d e l  ( F i g .  8 )  c o n s i s t s  of t h r e e  mutua l ly  
or thogonal  s q u a r e  p l a n e s  which a r e ,  r e s p e c t i v e l y ,  
a diffusely re f lec t ing  white paint ,  a s p e c u l a r l y  
re f lec t ing  pol ished a luminum,  and a dul l  b l ack  
paint. 
used f o r  the t a r g e t s  (PGhit.e = 0. 89 * 0. ol), the  
a luminum s u r f a c e  was  pol ished a c c o r d i n g  to  
Hughes A i r c r a f t  Company Specif icat ion H P  9 - 2 9  
(0: 1 = 0. 15) ,  and the  black s u r f a c e  w a s  painted 
with 3M Black  Velvet ( p *  = 0. 02) .  Aithough t h e  
p la tes  w e r e  mutua l ly  or thogonal ,  they did not 
i n t e r s e c t ;  the  p l a t e s  w e r e  s e p a r a t e d  f o r  r e a s o n s  
of a n a l y t i c a l  t r a c t a b i l i t y .  The  a n a l y s i s  of Ref. 1 
showed that  a s i m p l e  a lgo r i thm could be used  to  
solve f o r  loca l  r a d i a n t  phenomena  with a c c u -  
r a c i e s  c o m p a r a b l e  to m o r e  soph i s t i ca t ed  c o m -  
putat ions.  However ,  the s i m p l e  a l g o r i t h m  los t  
a c c u r a c y  in the i m m e d i a t e  vicini ty  of c o r n e r s  
or  e d g e s .  S u r f a c e  i n t e r s e c t i o n s  w e r e  e l imina ted  
o n  the model  to avoid any p r o b l e m s  a r i s i n g  f r o m  
ana 1 yt i c a  1 s ho r t co mi i ng s . 

A mode l  w a s  c o n -  

T h e  white paint_was ident ica l  to  the paint  



w h e r e  SECULU sulfur 

It 
gk = loca l  nond imens iona l  i r r a d i a t i o n  a t  a n y  

of t h e  48 pos i t i ons  on the  t h r e e  s u r f a c e s  

g .  = m e a n  va lue  of i r r a d i a t i o n  in a zone on a 
- 
c 

di f fuse ly  r e f l ec t ing  s u r f a c e  

C s , k =  loca l  solar inc idence  f a c t o r  

. =  m e a n  solar inc idence  f a c t o r  
'S.1 c 

p = di f fuse  r e f l e c t a n c e  

ti = exchange  f a c t o r  account ing  for d i r e c t  
view p lus  s p e c u l a r  r e f l ec t ion  of Ai a s  
s e e n  f r o m  6Ak 

* B . .  = t r a n s f e r  func t ion  account ing  f o r  al l  
lJ d i f fuse  and s p e c u l a r  i n t e r r e f l e c t i o n s  

DIFFUSE SURFACE a m o n g  z o n e s  
(POINT LOCATIONS) 

A 
0 \  T h e  exchange f a c t o r s  w e r e  all of t h e  f o r m  ,A, ' 2 ; ~ 4 ( 2 0 N f  LOCAllONS1 

"<' 1 \ >0/ 
< ' 'A' 4 > ti = Fki + p" m F k i ( m )  

' 0  w h e r e  p& is t h e  r e f l e c t a n c e  of t h e  s p e c u l a r  s u r -  
f a c e  F k i  and F k q m )  a r e  s h a p e  f a c t o r s  t o  zones  
and zone i m a g e s ,  r e s p e c t i v e l y .  A l l  shape  f a c t o r s  
w e r e  eva lua ted  us ing  CONFAC 11. (7) T h e  t r a n s f e r  
func t ions  w e r e  found by inve r t ing  the t r a n s f e r  

fo rmula t ions .  ( 8 s  9 )  

v 

F i g u r e  8. S c h e m a t i c  R e p r e s e n t a t i o n  of T h r e e  
Mutual ly  Or thogona l  S q u a r e  P l a t e s  Used as  

Zones  shown  in exploded v iew;  point l oca t ions  
in i s o m e t r i c  p e r s p e c t i v e ;  a l l  p l a t e s  of equa l  

s i z e  a n d  spa t i a l ly  s e p a r a t e d  a long  e d g e s  

T e s t  Model  m a t r i x  a s s o c i a t e d  wi th  scr ip t  eff 

Computa t ions  and m e a s u r e m e n t s  w e r e  m a d e  
for the c a s e  in which on ly  one  s u r f a c e  a t  a t i m e  

4 

Calcu la t ions  w e r e  m a d e  t o  obta in  the  non-  
d i m e n s i o n a l  solar i r r a d i a t i o n  a t  1 6  l oca t ions  o n  
e a c h  s u r f a c e  ( s e e  F i g .  8). T h e  z o n e s  a r e  shown 
n u m b e r e d  c o n s e c u t i v e i y  f r o m  1 t o  12, wh i l e  t he  
loca t ions  at which both ca l cu la t ions  and m e a s u r e -  
m e n t s  w e r e  m a d e  a r e  n u m b e r e d  1 3  to 6 0 ,  i n c l u -  
s ive .  N o  c a l c u l a t i o n s  w e r e  m a d e  f o r  l oca t ions  in  
the  1 - 1 / 2  i n c h  s t r i p  ad jacen t  t o  a p l a t e  edge  which 
w a s  c l o s e s t  t o  a n o t h e r  p l a t e ;  t h e s e  s t r i p s  w e r e  
avoided to  ob ta in  f u r t h e r  a s s u r a n c e  of va l id  a n a -  
l y t i ca l  r e s u l t s .  
putation w a s  

T h e  a l g o r i t h m  used  for c o m -  

- a 
$: * *  

g k = C s , k t  P i  g i  9, 
i= 1 

k =  1 3 ,  14, . . . ,  60 

8 
*-% c -  9 

cli gi = ? j  cs, sij 
j= 1 

i =  1 ,  2, ..., 8 

wa's d i r e c t l y  i r r a d i a t e d  wh i l e  t he  o the r  two s u r -  
f a c e s  w e r e  p a r a l l e l  t o  t h e  co l l ima ted  input.  T h i s  
a r r a n g e m e n t  p rov ided  solar inc idence  f a c t o r s  

o n  the d i r e c t l y  i r r a d i a t e d  po in t s  and  z o n e s  and  

a t  the r e m a i n i n g  loca t ions  and zones .  T h r e e  sets 
of computat ions and m e a s u r e m e n t s  w e r e  m a d e  as 
follows : 

1. White s u r f a c e  d i r e c t l y  i r r a d i a t e d ,  b lack  and  
a l u m i n u m  s u r f a c e s  d a r k  

2. Black  s u r f a c e  i r r a d i a t e d ,  a luminum and 
whi te  s u r f a c e s  d a r k  

3. Aluminum s u r f a c e  i r r a d i a t e d ,  whi te  and 
b l ack  s u r f a c e s  d a r k  

Ana ly t i ca l  and E x p e r i m e n t a l  R e s u l t s  

M e a s u r e m e n t s  w e r e  m a d e  both in  mid - June  
and  e a r l y  D e c e m b e r  1 9 6 7 ,  t o  i nves t iga t e  r e p e a t a -  
bil i ty with 1 )  e x t r e m e  s e a s o n a l  v a r i a t i o n s  of s o l a r  
i r r a d i a t i o n a n d  2 )  the  u s e  of d i f f e ren t  ope ra t ing  
pe r sonne l .  Ana ly t i ca l  p r e d i c t i o n s  and e x p e r i -  
men ta l  r e s u l t s  a r e  s u m m a r i z e d  in T a b l e  1 f o r  t h e  
c a s e  of n o r m a l  s o l a r  i nc idence  on the  whi te  (27) 

4 

r 

c 

w 
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T A B L E  1. 'COMPARISON OF ANALYTICAL AND E X P E R I M E N T A L  RESULTS 

N o r m a l  s o l a r  inc idence  on whi te  s u r f a c e ;  b l ack  and  a l u m i n u m  shaded ;  
loca l  nond imens iona l  i r r ad ia t ion ,  g: 

S u r f a c e  

Whi te  

B lack  

A l u m i n u m  

Locat ion  

1 3  
1 4  
15  
16  

17 
18 
19  
20  

21 
22 
23  
24  

25  
26 
27 
28  

29 
30 
31 
32  

33 
34 
3 5  
36 

37  
38 
39 
40  

4 1  
4 2  
43  
44  

4 5  
46 
47 
4 8  

49  
50  
51 
52 

53  
54 
55 
56 

57 
58 
59 
6 0  

Analy t ica l  
Va lue  

1 . 0 0 1  
1 . 0 0 1  
1 . 0 0 1  
1 . 0 0 1  

1 . 0 0 1  
1 . 0 0 1  
1 . 0 0 1  
1 . 0 0 1  

1 . 0 0 0  
1 . 0 0 1  
1 . 0 0 1  
1 . 0 0 1  

1 . 0 0 0  
1 .000  
1 . 0 0 0  
1 . 0 0 0  

0 .220  
0 . 2 7 7  
0 . 2 8 2  
0 .247  

0. 152 
0. 192 
0 . 2 0 5  
0. 191  

0 .105  
0. 128 
0. 139 
0. 135  

0. 073 
0 .088  
0. 094  
0. 094 

0 . 2 2 1  
0 .276  
0 . 2 7 5  
0 .220  

0. 147 
0. 181 
0. 181 
0. 147 

0 .097  
0 .113  
0. 113  
0. 096 

0. 064 
0. 072 
0. 072 
0 .064  

June  
(Nomina  1) 

0. 98  
0.  98  
1. 01 
1 . 0 2  

0. 97 
0. 99 
1. 01 
1. 02 

0. 98  
1. 01  
1. 01  
1. 02 

0. 98  
1. 01  
1. 00 
1. 02 

0. 25  
0. 31 
0. 31  
0. 26 

0. 17 
0. 20  
0. 22 
0. 20  

0. 11  
0. 14 
0. 1 5  
0. 15  

0. 08 
0. 09 
0. 1 1  
0. 10 

0. 23 
0. 30 
0. 30 
0. 22 

0. 1 5  
0. 18 
0. 18 
0. 1 5  

0. 09 
0. 10 
0. 11  
0. 10 

0. 06 
0. 07 
0. 07 
0. 06 

E x p e r i m e n t a l  R e s u l t s  

D e c e m b e r  
( N o m i n a l )  

0. 99 
0. 99  
1. 00 
1. 00 

1. 02  
1. 01  
1. 02 
1. 00 

0 . 9 9  
1. 00 
1. 00 
1. 00 

1. 04 
1. 05  
1. 06 
1. 03 

0. 24 
0. 28 
0. 29 
0. 2 5  

0. 1 5  
0. 20  
0. 21  
0. 19 
0. 09  
0. 1 3  
0. 14 
0. 1 3  

0. 08  
0. 09 
0. 09 
0. 09  

0. 22 
0. 28  
0. 28 
0. 22 

0. 1 4  
0 . 2 0  
0. 19 
0. 14  

0. 11  
0. 11  
0. 1 3  
0. 09  

0. 07 
0. 07 
0. 07 
0. 06 

M a x i m u m  Deviation 
f r o m  Anal .  

- 0 . 0 2  
-0 .02  
t o .  01 
t o .  02 

*0. 03 
*o. 02 
t o .  02 
t o .  02 

*O. 03 
to. 03 
t o .  04  
to. 03 
t o .  04  
to. 05  
to. 06 
to. 03 

to. 04  
to. 03 
t o .  0 3  
t o .  02 

t o .  02  
t o .  01 
t o .  02 
t o .  01 

-0.02 ~ 

t o .  02 
t o .  01 
t o .  02 

t o .  01  
t o .  01  
t o .  02 
t o .  01  

t o .  01  
to. 03 
t o .  0 3  
*o. 01 

-0 .01  
t o .  02 
t o .  02 
-0 .01  

t o .  02 
-0 .01  
t o .  02 
*o. 01 

' t o . 0 1  
-0 .01  
- 0 . 0 1  
- 0 . 0 1  



di f fuse  s u r f a c e  ( C s ,  black  = C s ,  a lum = 0 ) .  Addi -  
t iona l  m e a s u r e m e n t s  w e r e  m a d e  fo r  n o r m a l  s o l a r  
inc idence  on 1)  t h e  b l a c k  s u r f a c e ,  o t h e r s  shaded ,  
and 2 )  t he  pol i shed  alurninum s u r f a c e ,  o t h e r s  
shaded ,  but t he  t abu la t ions  a r e  omi t t ed  fo r  t he  
sake  of brev i ty .  
n o r m a l  s o l a r  i nc idence  on  the  black s u r f a c e  
follow : 

Typica l  r e s u l t s  f o r  t he  c a s e  o f  

B lack :  

Analy t ica l  1 . 0 0 0 3  t o  1 . 0 0 1 2  
E x p e r i m e n t a l  1. 00 t o  1. 03 

White: 

Analy t ica l  
E x p e r i m e n t a l  

0. 0064 to  0.  0017 
0. 0 2  to 0. 005 

Aluminum: 

Analy t ica l  0 0078 to  0. 0016 
E x p e r i m e n t a l  0. 02 t o  0 

F o r  t h e  c a s e  of n o r m a l  s o l a r  inc idence  on the  
s p e c u l a r  a l u m i n u m  s u r f a c e ,  the  a n a l y s i s  p r e  - 
d i c t s  a nond imens iona l  i r r d i a t i o n  of un i ty  a t  
a l l  l oca t ions  on t h e  a l u m i n u m  s u r f a c e  and z e r o  
i r r a d i a t i o n  a t  a l l  o t h e r  loca t ions .  T h e  e x p e r i -  
m e n t a l  r e s u l t s  a t  t h e  alum.num s u r i a c e  va r i ed  
f r o m  uni ty  to 1. 05 and a t  the  o the r  s u r f a c e s  f r o m  
z e r o  to  0 0 3  

T h e  e x p e r i m e n t a l  d a t a  s u m m a r i z e d  in T a b l e  1 
r e p r e s e n t  nomina l  v a l u e s  based  on an  a v e r a g e  
s o l a r  c o n s t a n t  m e a s u r e d  :mmedia t e ly  be fo re  and 
i m m e d i a t e l y  following m e a s u r e m e n t s  a t  fou r  
loca t ions .  T h e  m a x i m u m  devia t ion  shown in  
T a b l e  1 r e p r e s e n t s  t h e  w o r s t  c a s e  of ana ly t i ca l  
and e x p e r i m e n t a l  d i s a g r e e m e n t  based  e i t h e r  on a 
"before"  o r  "a f t e r "  m e a s u r e m e n t  of the s o l a r  con - 
s tan t .  
m a r i z e d  above  f o r  n o r m a l  inc idence  on  the b lack  
and a l u m i n u m  s u r f a c e s  a r e  based  on  nomina l  
va lues .  

T h e  typ ica l  e x p e r i m e n t a l  r e s u l t s  s u m -  

D i s c u s s i o n  

T h e  good a g r e e m e n t  of ana ly t ica l  and e x p e r i -  
m e n t a l  r e s u l t s  d e m o n s t r a t e d  the  u t i l i ty  of photo - 
m e t r i c  t e s t i n g  a s  a t h e r m a l  des ign  tool.  It a p p e a r s  
poss ib l e  t o  m e a s u r e  loca l  s o l a r  i r r a d i a t i o n  on 
c o m p l e x  s u r f a c e s  with a c c u r a c i e s  that a r e  c o m  - 
m e n s u r a t e  with t h o s e  imp l i c i t  i n  computing 
e n g i n e e r i n g  rad ia t ior .  phenomena.  Tha t  L S ,  it is 
c o n s e r v a t i v e  t o  c l a i m  !hat 

< 0. 05 I - (gk)  
m e a s u r e d  computed 

A m e a n  va lue  f o r  t h e  absolclte va lue  of the m a x i -  
m u m  devia t ion  l i s t e d  in T a b l e  1 is c l o s e r  to 0. 02 
than  0. 05, but e i t h e r  f i g t r e  a p p e a r s  to be r ea -  
sonable  for t h e r m a l  des ign  app l i ca t ions .  

T h e  s n r a i l n e s s  of t h e  devia t ion  between a n a l y -  
sis and  e x p e r i m e n t  e l i m i n a t e s  the mot iva t ion  f o r  

a l engthy  e r r o r  a n a l y s i s .  However ,  e x p e r i e n c e  
accumula t ed  h e r e  ind ica t e s  tha t  the  s o u r c e s  oi 
e r r o r ,  in t h e i r  o r d e r  of i m p o r t a n c e ,  a r e :  

1. 

2 .  

3 .  

4. 

5. 

S h o r t - t e r m  v a r i a t i o n s  in t h e  s o l a r  cons t an t  

T h e  n u m b e r  of s ign i f icant  f i g u r e s  ava i l ab le  
f o r  r eadou t  of n o i s e  and low- leve l  
i r r a d i a t i o n  

In s t  r u m e n  ta t  ion tab i l i t  y 

Alignment  of m o d e l  s u r f a c e s  to  the  p r e c i s e  
o r i en ta t ion  impl i c i t  in an  ana ly t i ca l  
fo r rn u 1 a t  ion 

P l a c e m e n t  of a t a r g e t  o n  t h e  p r e c i s e  l o c a -  
t ion  impl i c i t  in an ana ly t i ca l  f o r m u l a t i o n  

T h e s e  i t e m s  a r e  d i s c u s s e d  below to  e s t a b l i s h  a 
quant i ta t ive  ins ight  into t h e i r  in i luence .  

So la r  Cons tan t  

It w a s  not unusua l  to o b s e r v e  a 10% va r i a t ion  
in the  magnitude of the s igna l -p lus -no i se  asso-  
c ia ted  with a s o l a r  cons t an t  m e a s u r e m e n t  d u r i n g  
a 10-minute  in t e rva l .  In a n u m b e r  of i n s t a n c e s ,  
t h e s e  v a r i a t i o n s  could be  c o r r e l a t e d  with the  
sound 0 1  a gus t  of a i r  o r  the  m o v e m e n t  of a t r u c k ,  
both of which tend to  s t i r  u p  dus t .  O n  a few o c c a -  
s ions ,  the p a s s a g e  of a je t  a i r p l a n e  c r e a t e d  a cor.- 
t r a i l ;  but, m o s t  of ten ,  t he  va r i a t ion  w a s  a t t r i bu ted  
to  unknown a t m o s p h e r i c  d i s t u r b a n c e s .  
t i cu l a r  s o u r c e  of e r r o r  could be e l imina ted  e i t h e r  
by mon i to r ing  the sun  and n o i s e  cont inuous ly  d u r -  
ing a t e s t  o r  moving t o  a n  indoor  f ac i l i t y  for t e s t -  
ing. 
on r e l a t i v e  (not  abso lu t e )  m e a s u r e m e n t s ,  a l l  
va r i a t ions  in the  r e f e r e n c e  i r r a d i a t i o n  have  a 
f i r s t - o r d e r  influence on m o d e l  i r r a d i a t i o n .  

T h i s  p a r  - 

Inasmuch  a s  the  p r e s e n t  t echn ique  is b a s e d  

Ins t rumen ta t ion  Readout  

All  of the  me ' a su re rnen t s  r e p o r t e d  h e r e  w e r e  
e x p l o r a t o r y  i n  na tu re ,  so t ha t  o p e r a t i n g  p r o c e -  
d u r e s  w e r e  subjec t  t o  a wide v a r i e t y  of i m p r o v i -  
s a t ions .  
over looked  w a s  the  to ta l  s igna l  -p lus  -no i se  a m p l i -  
f ication ava i l ab le  in the photonie te r  and  d ig i t a l  
vo l tme te r  e l e c t r o n i c s .  Both e l e c t r o n i c  s y s t e m s  
w e r e  s e t  a t  a n  ampl i f ica t ion  l eve l  c o r r e s p o n d i n g  
to  a 0. 000 to 0 .  100 mi l l ivo l t  r eadou t .  T y p i c a l  
s igna l - to -no i se  r a t i o s  for a solar cons t an t  m e a s -  
u r e m e n t  w e r e  0. 150/0.  010, whi le  for a m o d e l  
location m e a s u r e m e n t  in  a shaded loca t ion  ( e .  g . ,  
No.  39 of F ig .  8 and Tab le  1 )  s igna l - to -no i se  
r a t io  w a s  0. 015/0.  001. An add i t iona l  f o u r  
d e c a d e s  of e l e c t r o n i c  ampl i f i ca t ion  and t h r e e  
d e c a d e s  of op t i ca l  ampl i f i ca t ion  w e r e  ava i l ab le  
for  g r e a t e r  p r e c i s i o n ,  but they w e r e  n e v e r  
uti l ized. 

One d e g r e e  of f r e e d o m  which w a s  
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Ins t rumen ta t ion  S tab i l i tv  c . 
Although the  e l e c t r o n i c s  f o r  both t h e  p h o t o m e -  

t e r  and v o l t m e t e r  a p p e a r e d  t o  have  s a t i s f a c t o r y  
stabil i ty,  a d r i f t  of * O .  001 in the  m e t e r  r ead ing  



w a s  not unusua l  o v e r  a 30-minute  in t e rva l .  T h i s  
c h a r a c t e r i s t i c  w a s  d i s c o v e r e d  du r ing  the  
D e c e m b e r  t e s t s ,  and t h e r e a f t e r  t he  i n s t r u -  
menta t ion  w a s  c a l i b r a t e d  e v e r y  20 minu tes .  

Mod e 1 Su r fa c e 0 r i e  n t a t ion 

N o r m a l  s o l a r  i nc idence  on a g iven  s u r f a c e  
w a s  obta ined  by v i s u a l  i n spec t ion .  It i s  believed 
tha t  a l ignment  e r r o r s  of * 2 O  o r  l e s s  could be 
main ta ined  dur ing  the  c o u r s e  of a t e s t .  O r t h o -  
gonal i ty  of the  m o d e l  s u r f a c e s  as  mounted on a 
holding f ix tu re  m a y  h a v e  con t r ibu ted  an addi t iona l  
e r r o r  of * Z 0 .  I f  t h e s e  e r r o r s  a re  cumula t ive ,  the  
e f fec t  would be to  u n d e r e s t i m a t e  the  d i r e c t l y  
i r r a d i a t e d  s u r f a c e  r ead ing  by about  0. 002 t i m e s  
the  m e t e r  r ead ing ;  a t  t he  "shaded" s u r f a c e s ,  a 
d i r e c t  input of about  0. 07 t i m e s  the  m e t e r  r e a d -  
ing would be s u p e r i m p o s e d  on t h e  r e f l ec t ive  input 
t o  such  a s u r f a c e .  

T a r g e t  P l a c e m e n t  

T h e  4 8  l oca t ions  ident i f ied  in F ig .  8 w e r e  
m a r k e d  with penc i l  on t h e  m o d e l  t e s t  s u r f a c e s .  
Dur ing  a t e s t ,  t he  m a g n e t i c  t a r g e t s  w e r e  p l aced  
o n  the  s m a l l  penc i l  m a r k s  and the  p h o t o m e t e r  
focused  on the  c e n t e r  of t h e  t a r g e t .  
m a t e d  tha t  a 0. 50- inch  loca t ion  e r r o r  m a y  have  
o c c u r r e d  us ing  t h i s  p r o c e d u r e .  Deta i led  m e a s  - 
u r e m e n t s  o v e r  a d i r e c t l y  i r r a d i a t e d  s u r f a c e  
showed tha t  a 0. 50-inch loca t ion  e r r o r  could 
lead  t o  a m e a s u r e m e n t  e r r o r  of * O .  002 in the  
m e t e r  output.  

It i s  e s t i -  

A l l  s o u r c e s  of e r ro r  ident i f ied  h e r e  c a n  be 
e l imina ted  o r  a t  l e a s t  m i n i m i z e d  if c i r c u m s t a n c e s  
should  r e q u i r e  g r e a t e r  a c c u r a c y .  However ,  it  i s  
ques t ionab le  w h e t h e r  g r e a t e r  a c c u r a c y  i s  r e q u i r e d  
f o r  t h e r m a l  des ign  when the  nond imens iona l  i r r a -  
d ia t ion  i s  u sed  in Eq. ( 3 )  as 

a n d  t y p i c a l  l i m i t s  of a c c u r a c y  for solar absorp- 
t ance ,  a*  are  * O .  01 and for the  s o l a r  f lux  a r e  
* 2 % .  (l6'lA) The i m p o r t a n c e  of s u c h  e r ro r s  is 
f u r t h e r  m i n i m i z e d  if a h e a t  ba l ance  i s  u s e d  to  
s o l v e  for t e m p e r a t u r e  i n  t h e  f o r m  

C o n c l u s i o n s  

A s i m p l e  e x p e r i m e n t a l  p r o c e s s  h a s  been 
deve loped  f o r  m e a s u r i n g  the  s o l a r  e n e r g y  inc ident  
o n  s y s t e m s  of s u r f a c e s  which a re  a r b i t r a r i l y  coin - 
p lex ,  both g e o m e t r i c a l l y  and in r e f l ec t ive  p r o p -  
e r t i e s .  T h e  a c c u r a c y  of t h e  p r o c e s s  is  on a p a r  
with t h e  s t a t e  of t he  a r t  of o t h e r  t h e r m a l  des ign  
m e a s u r e m e n t s  a n d  computa t ions ,  and the p r o c e s s  
a c c u r a c y  m a y  be i m p r o v e d  a s  n e c e s s a r y  to m e e t  
changing r c q u i r e n i e n t s .  T h e  p r o c e s s  p e r m i t s  
t e s t i n g  io take p l a c e  in a s h i r t s l e e v e  env i ronmen t  

which i s  c o m p a r a b l e  t o  b r e a d b o a r d  deve lopmen t  
and t e s t ing  of e l e c t r o n i c  s y s t e m s .  

T h e  e s s e n t i a l  f e a t u r e s  of t h e  i r r a d i a t i o n  meas-  
u r e m e n t  p r o c e s s  inc lude  t h e  u s e  of a co l l ima ted ,  
un i fo rm rad ian t  s o u r c e  with spec i f ied  s p e c t r a l  
p r o p e r t i e s ,  a m o d e l  with g e o m e t r i c  and r e f l e c t i v e  
s i m i l a r i t y  to  s o m e  pro to type  of i n t e r e s t ,  a s m a l l  
d i f fuse ly  r e f l ec t ing  t a r g e t  which m a y  b e  p l aced  a t  
a n y  loca t ion  of i n t e r e s t  on the  mode l ,  a r e m o t e  
viewing r ad ia t ion  s e n s o r  with a su i t ab le  s p e c t r a l  
r e s p o n s e ,  and a p p r o p r i a t e  r eadou t  and r e c o r d i n g  
equ ipmen t .  
ve r i f i ed  by using the sun a s  a r ad ian t  s o u r c e ,  
and  of f - the-she l f  h a r d w a r e  (a  p h o t o m e t e r  and  
d ig i t a l  v o l t m e t e r )  f o r  r e m o t e  s e n s i n g  and r e a d -  
out.  A s i m p l e ,  ana ly t i ca l ly  t r a c t a b l e  m o d e l  w a s  
c o n s t r u c t e d ,  ana lyzed ,  and  t e s t ed  to  obta in  
quant i ta t ive  ins ight  t o  the  a c c u r a c y  of t h e  p r o c e s s .  
In p a r i i c u l a r ,  t h i s  s tudy  d e m o n s t r a t e d  the  
following: 

T h e  p r o c e s s  w a s  developed and  

1. T h e r e  i s  no s p e c t r a l  s ens i t i v i ty  t o  m e a s -  
u r ing  loca l  s o l a r  i r r a d i a t i o n  so long as  
s u r f a c e  p r o p e r t i e s  are  s c r e e n e d  r e l a t i v e  
to  the  s p e c t r a l  r e s p o n s e  of t h e  s e n s o r  

2 .  T h e r e  is no a p p a r e n t  e r ro r  a s s o c i a t e d  with 
s e a s o n a l  v a r i a t i o n s  when t h e  sun is u s e d  as 
t h e  r a d i a n t  s o u r c e  

3 .  No s p e c i a l  s k i l l s  a r e  needed by o p e r a t i n g  
p e r s o n n e l  when off-the-shelf  h a r d w a r e  is 
u s e d  

'' 

T h e  r e a l  m e r i t  of the p r o c e s s  l i e s  in i t s  
a pp  Iic a t ion to g e o m  e t  r i c a1 1 y c o m p l e x  s y s t e m s 
with r e a l  s u r f a c e  p r o p e r t i e s .  F i g .  9 s h o w s  a 
m o d e l  of a he l ix  an tenna  p roposed  f o r  u s e  on a 
s p a c e  veh ic l e  a s  an  example  of an  ana ly t i ca l ly  
i n t r a c t a b l e  conf igura t ion .  T h e  an tenna  w a s  
mounted on  a p roposed  s p a c e c r a f t  mode l ,  and  
t h e  shadow p a t t e r n s  and  loca l  i r r a d i a t i o n  v a l u e s  
w e r e  e s t ab l i shed  f o r  half a dozen  veh ic l e - to - sun  
o r i e n t a t i o n s  in about  3 d a y s  of t e s t ing ,  inc luding  
se tup .  As a r e s u l t  of t h e s e  t e s t s ,  i t  w a s  p o s s i b l e  
t o  compute  loca l  t e m p e r a t u r e s ,  t h e r m a l  s t r e s s ,  
and  a v a r i e t y  of a s s o c i a t e d  phenomena  in a f r a c -  
t i on  of t he  t i m e  and with f a r  g r e a t e r  p r e c i s i o n  
than  would have  been poss ib l e  f r o n i  ana ly t i ca l  
c o n s i d e r a t i o n s  a lone .  

F i n a l l y ,  i t  is w o r t h  r e m a r k i n g  tha t  t h e  
p r o c e s s  d e s c r i b e d  h e r e  m a y  be u s e d  to  m e a s u r e  
loca l  s o l a r  i n t e r r e f l e c t i o n  f a c t o r s  a s  we l l  as  
loca l  i r r a d i a t i o n .  T h e  m a t h e m a t i c s  suppor t ing  
t h e  i n t e r r e f l e c t i o n  f ac to r  appl ica t ion ,  t oge the r  
with a desc r ip t ion  of p r o c e s s  mod i f i ca t ions ,  a r e  
too  lengthy  to d e s c r i b e  h e r e  and  wi l l  be t h e  s u b -  
j e c t  of a fu tu re  publ ica t ion .  

A c know 1 e d g v i  e n t s 

T h i s  s tudy  w a s  c a r r i e d  out u n d e r  Hughes  
A i r c r a f t  C o m p a n y ' s  g e n e r a l  r e s e a r c h  s p o n s o r  - 
sh ip .  T h e  au tho r  g ra t e fu l ly  acknowledges  t h e  
a s s i s t a n c e  of hles srs .  L. J. Nolle and R .  J. 
Wensley,  who f i r s t  conce ived  the notion of 
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F i g u r e  9 .  He l ix  Antenna as E x a m p l e  of Analy t ica l ly  
In t r ac t ab le  Conf igura t ion  Which i s  E a s i l y  T e s t e d  

(Pho to  ES 4 67-16192)  

s o l a r - t h e r m a l  bench t e s t i n g ;  D.  W .  T h o m a s ,  
A . F .  B e a r d s l e y ,  and W . H .  May,  who helped 
develop  t h e  e x p e r i m e n t a l  d e t a i l s ;  and M i s s  Anne 
DiF io re ,  who p r o g r a m m e d  t h e  ana ly t i ca l  
fo rmula t ion .  
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